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Chapter 1 General introduction to the microdroplet analysis 
 
 
1.1. Characteristics of functional films 
 Coating technologies oriented from chemical or physical characteristics have been widely 
utilized in our daily life. As an example of chemical modification there was anti-fouling film which 
was dominated by the surface functional groups it related to low surface free energy. On the other 
hands, Anti-reflection film with managed refractive index which related to physical characteristics 
also showed high optical performances. The targets of these functional films were generally divided 
into two “large area coating” or “minute space coating”.  
 As one of the large area coating targets, solar cell surface was focused on because it required 
anti-fouling and anti-reflection (AR) coatings to improve performances or long durability1,2. 
Operation of solar cells in the field commonly results in the accumulation of dust particles on the 
surface of it that leads to blockage of the incident sunlight. To avoid this issue, integrating a 
self-cleaning function into the solar cells is an option that is gaining rising attention as shown in 
Figure 1.1. and Figure 1.2. Surface superhydrophobicity is known to offer such self-cleaning 
capabilities. Surfaces with contact angles of > 150° are termed superhydrophobic surfaces. The 
superhydrophobic effect has been observed in nature on lotus leaves and bird feathers. This effect is 
realized by a low surface energy and a high surface roughness. Generally, oleophobicity requires a 
rougher structure than that used for achieving hydrophobicity. Superoleophobic coatings have many 
potential applications in the areas of fluid transfer, fluid power systems, stain resistant and 
antifouling materials, and microfluidics. 
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Figure 1.1. Superhydrophobic surfaces made from porous silica capsules for solar cell. Adopted with 
permission from Ref. 1. Copyright© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 1.2. Transparent antifouling films with raspberry structure which is made of transparent silica 
coated with a chemically adsorbed monomolecular layer. Adapted with permission from Ref 2. 
Copyright 2012 American Chemical Society. 
 
 
As another example of large area coating technology AR coating is also introduced. To 
enhance the AR properties for various incident angles and broadband wavelengths, gradient 
refractive index layered anti-reflection films (GRIL-AR) are attracting increasing attention3-5 (see 
Figure 1.3., Figure 1.4.). There are both multi-layer types and moth-eye types of GRIL-AR. The 
multi-layer type of GRIL can be fabricated by stacks of materials with different refractive indices. In 
the case of moth-eye AR coatings, GRILs were fabricated by mimicking a moth eye (pyramid 
structure). As an application of AR coating, solar cell surface was focused on; however, some solar 
cells have been fabricated without AR coatings because of the high production cost. Therefore, the 
enhancement of durability and low-cost fabrication methods are also strongly desired. From above 
introduction, improved surface chemical modification or managed film structures were mainly 
related to large area coating. On the other hands, small space area coating was also focused on. In 
next section functional films were shown and potential of it for small area coating applications were 
discussed. 
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Figure 1.3. Cross-sectional SEM image of various refractive index profile. Adopted with permission 
from Ref. 3. Copyright© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
 
 
Figure 1.4. SEM cross-sectional image of the four-layer AR deposited on a Si substrate.. Adopted 
with permission from Ref. 4. Copyright© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 
 
 
Chapter 1 General introduction to the microdroplet analysis 
5 
1.2. Organic-inorganic composite film 
As one of the functional films, organic/inorganic composite films have both mechanical 
durability and flexibility. Fabrication of these films by wet processes is environmentally friendly and 
low-cost and thus it was coated on various substrates including small one5-10. For example, quartz 
crystal microbalance (QCM) which had small surface area (Diameter of it nearly equal to 1.0mm) 
was coated by organic-inorganic composite films such as SiO2/polymer Layer by Layer (LbL) films, 
TiO2/polymer LbL films, nanoparticle/cellulose nanofiber composite films, Si nanoparticle 
composites with PDDA, celluloses with Clay Nanoplatelets (See Figure 1.5.), and Au nanoparticle 
composites with lipids. Wetting of PVDF/TiO2 composite films having different TiO2 content ratios 
were examined. Mussel adhesive proteins and ceria nanoparticles of various concentrations in the 
cation and anion solutions were studied for surveying film durability. With using these coating 
technology, manipulating functionality of minute space have been eagerly studied. 
 
 
Figure 1.5. Organic–inorganic composite films with celluloses and clay nanoplatelets. Adapted with 
permission from Ref 2. Copyright 2014 American Chemical Society. 
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1.3. Requirements of micro liquid droplet analysis 
Recently, advances in microfabrication technology, microfluidics, and interface science, have 
significantly enhanced analytical techniques in the minute space. Miniature devices with a chemical 
reaction in the small area, called µ-TAS or Lab on Chip, have been developed and have promoted 
various applications in clinical, industrial, and environmental fields. 
The monitoring trace substances such as antigens11, DNA12, 13, and drugs14, in human fluids is 
commonly performed for disease diagnosis or for assessing treatment effects by using the above novel 
assays as shown in Figure 1.6. For example, it becomes possible to diagnose a disease at home or 
outdoors by investigating the small amount of body fluids or tissue film without utilizing large-scale 
and expensive measuring equipment. In other cases, therapeutic drug monitoring (TDM) is expected 
to utilize the drug concentration in physiological fluids as an index of the treatment effect in an attempt 
to assess the presence of anticonvulsant15-17 or anti-HIV18, 19 drugs in the human body. Psychological 
stress was measured by the hormone ratio in the blood. The presence of Prostate-Specific Antigen 
(PSA) in the blood is considered as a cancer marker20. Surveying harmful materials in drinking water 
or the environment is also important for human health21, 22.  
Viscosity is also an important factor in micro liquid droplet analysis. This physical property is 
essential for analyzing soft matter, and useful in detecting slight changes of various materials. For 
example, blood viscosity and coagulation time have been investigated for patients with embolism, in 
order to select suitable oral anticoagulants23, 24. DNA Rheology25, 26, RNA27, and antibodies28, have 
been investigated for estimating the mechanical property of molecules. Physical characteristics, 
including the viscosity of ion liquid29 or ink30, have also been investigated for the purpose of 
developing cleaner industrial processes. 
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Figure 1.6. Cancer biomarker detection by antibody-modified Au nanoparticles. Adapted with 
permission from Ref 20. Copyright 2012 American Chemical Society. 
 
From the above introduction, it follows that there was high motivation for detecting trace 
materials or slight changes with small liquid droplets, especially in the clinical, industry, and 
environmental fields. Although the presence of these substances in fluids and the properties of a small 
liquid droplet have been useful, there are still some obstacles in the way of obtaining useful 
information. Since it is difficult to take liquid droplets from biological fluids, the available amount is 
regulated due to the scarcity of samples. Under this condition, the required sensitivity was higher, in 
comparison to the abundant samples and efficient system that is required in order to avoid wasting 
materials. From these viewpoints, there are many approaches towards analyzing trace materials with 
various technologies. 
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1.4. Previous researches of microdroplet analysis 
Generally, high-performance instrumentation or specific reactions with target materials are 
utilized for a trace substance analysis. Liquid chromatography–tandem mass spectrometry is 
commonly used; however, its cost and required expertise are often prohibitive. Antibody−antigen 
recognition and synthesized dyes are often preferred for detection of target materials. However, 
antibodies are easily denatured by temperature changes and their synthesis usually requires multiple 
steps and considerable time. The collection of target materials to a specific area by changing surface 
wettability has been identified as an easy way to enhance detection limits. In the “coffee ring effect,” 
hydrophilic or hydrophobic surfaces accumulate nonvolatile materials at the boundary of a liquid 
droplet31. This method uses only the limited area of the circle, leaving much of the surface area unused 
as shown in Figure 1.7. 
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Figure 1.7. Simultaneous fabrication of surface-enhanced Raman spectroscopy active substrates and 
preconcentration of analytes via the coffee-ring effect. Reproduced from Ref. 31 with permission 
from The Royal Society of Chemistry. 
 
A superhydrophobic surface with a small hydrophilic patterned area to interface with an 
aqueous liquid droplet has been utilized for enrichment of trace materials32,33.(See Figure 1.8. and 
Figure 1.9.) For example, gradient hydrophobicity for centering a liquid droplet has been fabricated by 
photolithography. 
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Figure 1.8. An image of the Taro-leaf@Ag surface-enhanced Raman spectroscop test chip made by 
integrating Taro-leaf@Ag slices with a paper-based test chip. The water droplet maintains its 
spherical shape during water evaporation at different times. Reproduced from Ref. 32 with 
permission from The Royal Society of Chemistry. 
 
Superhydrophilic micro-wells was fabricated with UV irradiation of octadecytrichlorosilane 
(OTS)-modified nanodendritic coatings with photomasks. Inkjet printing or laser printing technology 
enabled the deposition of hydrophilic materials directly without photomask. The condensing 
enrichment effect of a hydrophilic area on a superhydrophobic surface is suitable for enhancing 
detection limits. However, it is not ideal for collecting valuable or toxic materials because the liquid 
droplets can easily roll off the superhydrophobic areas. 
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Figure 1.9. Illustration of the condensing-enrichment process based on a superhydrophilic microwell 
spotted on a superhydrophobic substrate. Adopted with permission from Ref. 33. Copyright© 2015 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Conventionally rotational or falling ball viscometer measured viscosity with much quantity of 
liquid (milliliter order); however, large material consumption was not preferred in the above cases and 
measuring by small quantity of liquid has been strongly required. Recently enthusiastic researches 
made it possible to measure viscosity with micro or nano liter liquid by viscometers with using liquid 
flow or liquid droplet. In the case of liquid flow type viscometer, velocity of liquid which flew inside 
channel was utilized. Some of micro channels used only nano liter and it was suitable for expensive or 
precious liquid; however, precisely controlled wettability was required to get stable flow. In the case of 
liquid droplet type viscometer, vibration of droplet was utilized. Piezoresistive cantilevers measured 
viscosity of 2.4µl water-glycerol mixtures34 as shown in Figure 1.10. Optical image of liquid vibration 
was studied by high-speed imaging; however, these methods required high quality sensors and optical 
apparatuses. 
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Figure 1.10. Measuring the viscosity of a microlitre droplet using a MEMS based piezoresistive 
cantilever array. Reproduced from Ref. 34 with permission from The Royal Society of Chemistry. 
 
Quartz crystal microbalance with energy dissipation (QCM-D) was also focused on as an 
universal analytical tool. This technique monitored the attenuated amplitude after shutting off the 
power and suppressed shear vibration by high viscous liquid was observed through damping time 
measurement. In this principle liquid / solid interface was important and eagerly investigated35 
(Figure1.11.). As liquid side researches of QCM-D, various viscous solutions of biomaterials such as 
DNA, RNA, lipid solutions and industrial oil or artificial polymer solutions such as poly (ethylene 
glycol), glycerol and copolymer were investigated. By in-depth profiling, viscosity near interface 
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where free molecules undergo some property changes was carefully researched and a depletion layer 
in polymer solutions was also investigated. 
 
Figure 1.11. Viscoelasticity of Poly(ethylene glycol) Solutions on Supported Lipid Bilayers via 
Quartz Crystal Microbalance with Dissipation. Adapted with permission from Ref 35. Copyright 
2015 American Chemical Society. 
 
 
As one of the useful application with above devices, saliva is focused on as a target fluid. It 
was suggested as an alternative body fluid for monitoring each health or drug concentrations by useful 
relationship between the saliva and blood. For example, Prostate-Specific Antigen (PSA) in saliva was 
focused as a cancer marker. But it was difficult to ignore the individual viscosity difference or 
collecting situations therefore point of care tools for evaluating different viscous solutions is eagerly 
required. There is also attractive attention for point of care diagnostic assays as patient friendly 
devices and small portable one “miniatured devices” is also strongly required by the field of medical 
applications. To overcome these obstacles various technologies have been needed. In next section I 
introduce basis of the required technologies especially in wettability for understanding liquid solid 
interface, Layer by Layer self-assembly method as a wet process coating and QCM for concentration 
or viscosity analysis device. 
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1.5. Key technology in this study 
 
1.5.1. Surface Wettability 
Wetting phenomenon was determined by the contact angle defined with the angle between a 
solid surface and a liquid droplet. The surface with a water contact angle in the range from 0° to 90° 
was named as a hydrophilic surface. On the other hand, exceeding 90° it was named as a 
hydrophobic surface. Hydrophilic surface showed wetting and hydrophobic surface shoed 
non-wetting phenomenon. Especially in the case of the surface with a contact angle over 150° it was 
called as a superhydrophobic surface and the dropped aqueous solution was rolled off. Meanwhile, a 
contact angle under 5° was called as a superhydrophilic surface and the dropped aqueous solution 
was spread on the surface. 
Surface energy is susceptible to alteration via fluorination, for instance, in the case of most 
materials, contributing to augment hydrophobicity. Similarly, changes in surface roughness allow 
changes in hydrophobic or hydrophilic character. Figure 1.12. presents the wetting modes 
highlighted above alongside contact angles36.37,38. 
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Figure 1.12. Young’s, Wenzel’s and Cassie-Baxter’s equations (Nakajima, 2011) Reproduced from 
Ref [38] with permission of Nature (Copyright 2011).78 
 
For demonstrating the different states, various contact angle equations have been defined as 
shown in Figure 1.12. A liquid droplet is shown on a solid surface, with three interphases (γ) 
developing the contact angle (θ), namely, solid-liquid (SL), liquid-vapour (LV) and solid-vapour (SV). 
Fractional area 𝑓1 with contact angle 𝜃1 and fractional area 𝑓2 with 𝜃2 (𝑓1 + 𝑓2 = 1) are the fractions 
constituting the rough surface in the Cassie-Baxter equation. Young’s equation, Wenzel’s equation 
and the Cassie-Baxter equation are the most important models that have been developed. Wetting on 
a smooth surface is explained by Young’s equation, while wetting on a rough surface is discussed by 
the other two equations with the different surface roughness in the case of Wenzel’s equation and the 
Cassie-Baxter equation. 
 
1.5.2. Layer by Layer (LbL) self-assembly methods 
As a environmentally friendly and low-cost technology, Layer-by-layer (LbL)39-40 
self-assembly is focused on over 20 years (Figure 1.13). This wet process involves alternating 
depositions of cationic and anionic materials by electrostatic forces. noncomplicated and flexible 
technique can fabricate multilayered structure under ambient temperature and pressure conditions. 
When I deposited material B over material A, I defined it as (A/B). If the sequence was repeated “n” 
times, I defined it as (A/B)n in this study. 
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Figure 1.13. Layer by Layer self-assembly method. Thin film was fabricated with alternating 
depositions of cationic and anionic materials by electrostatic forces. 
 
1.5.3. Quartz crystal microbalance (QCM) 
A quartz crystal microbalance (QCM) measures a mass variation per unit area through the 
changes of the frequency of a quartz crystal resonator41. The resonance is disturbed by the addition 
or removal of a small mass due to the deposition or detachment of the materials at the surface of the 
acoustic resonator. The frequency changes related to the mass changed was defined by the 
“Sauerbrey equation” and I used QCM which have the relation between frequency and mass changes 
as follows; In this situation, the frequency change of the mass change of 1ng. 
∆𝑓 = −
∆𝑚
0.96 × 10−9
  (1.1.) 
 
1.5.4. Quartz crystal microbalance with energy dissipation (QCM-D) 
QCM-D42,43; i.e., the attenuated amplitude is monitored as a function of time after shutting off 
the QCM power. The hardness of fabricated films can be similarly measured as a nondestructive test 
(Figure1.14.). For example, QCM decay times for coatings of soft materials are shorter because of 
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cancelation effects than those made with hard materials. The voltage amplitude V(t) of a QCM at time 
t is given by: 
𝑉(𝑡) =  𝑉𝑜 × 𝑒𝑥𝑝 (
−𝑡
𝜏
) × 𝑠𝑖𝑛(2𝜋𝑓𝑡 +  𝜑)      (1.2.) 
Where Vo is the amplitude of the voltage at t=0, f is the frequency obtained from fitting the damping 
function, τ is the decay time constant, and φ is the phase difference.  
 
Figure 1.14. Quartz crystal microbalance with energy dissipation (QCM-D) 
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1.6. Dissertation overview 
The utilization of a chemical system in microspace has various merits such as high-speed 
reactions, reagent amount reduction, and miniaturization of devices. This can achieve an on-site 
chemistry process in the fields of clinical medicine, industry, and environment. For example, it 
becomes possible to diagnose a disease either at a home or outdoors by investigating a small amount 
of body fluids or tissue film without large-scale and expensive measuring equipment. By considering 
the scarcity of the above samples, there is a strong need for efficient analysis without waste. To 
analyze a small liquid droplet efficiently, management of the solid-liquid interface through 
wettability control for manipulating the small liquid droplet is required. This has been accomplished 
by various approaches with functional films. As one of such films, the organic-inorganic composited 
film has gathered attention due to its durability and flexibility with various surface functions. 
Although dry processes such as vacuum deposition have mainly been used as the fabrication 
methods of thin film, a wet process has also gained attention due to the miniature chemical system 
being required by the flexible film, small complex structure, and wet process being suitable to such 
substrates. However, controlling film growth is difficult in comparison to the dry process, and this 
was a wet process issue. 
Therefore, the objective of this study was to present a novel precise method for the wet 
process fabrication of functional organic-inorganic composited film in specific space. As the 
substrate, I chose a flexible film and QCM for targeting the portable device. As the wet process, I 
selected a layer-by-layer (LbL) self-assembly and casting method (for condensing the enrichment on 
the superhydrophobic surface) in order to make the fabrication of the organic-inorganic composited 
structure easier. With these technologies, I developed novel analytical devices for small liquid 
droplets. 
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Chapter 1 summarizes the need for trace material analysis and provides an overview of this 
dissertation and thesis outline. 
Chapter 2 introduces a hydrophilic spot area formed by a polymer/nanoparticle complex on a 
superhydrophobic surface. By investigating the suitable material ratio and the annealing temperature, 
a condensing enrichment device was developed. Subsequently, the aligned superhydrophobic or 
superoleophobic fabrics from the polyester mesh were fabricated in order to achieve a transparent 
and flexible liquid flow path. By changing the fabric distances, the liquid droplet was manipulated 
towards the targeted area. 
Chapter 3 describes the suitable film hardness and hydrophilicity of the functional film on the 
QCM surface. Organic-inorganic composited film was precisely coated into the specific area by 
changing the inorganic material composited ratio with the LbL process. 
 Chapter 4 achieves the visibility device by the color change reaction of caffeine on the 
superhydrophobic/hydrophilic patterned film by using the technologies described in Chapter 2. By 
condensing the enrichment effect, trace materials accumulated in the specific area through enhancing 
the detection limit. 
In Chapter 5, I discuss the portable viscometer with hydrophilic QCM through the 
technologies described in Chapter 3. By using a hydrophilic surface, the required solution amount 
was reduced. Subsequently, by adjusting the interface of the small amount of glycerol solution and 
hydrophilic QCM, the surface contributed to stable viscosity measurement. 
Finally, Chapter 6 summarizes the results of this study and describes future work. (see Figure 
1.15 and Figure 1.16) 
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Figure 1.15. Overview of this dissertation 
 
Figure 1.16. Scientific issue and novel point of this study 
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Chapter 2 Development of a superhydrophobic film with a tiny 
hydrophilic area using a casting method 
 
 
2.1. Introduction 
High-performance instrumentation or reactions with specific target materials are generally 
utilized for trace substance analysis. Liquid chromatography–tandem mass spectrometry is a 
commonly used technique, but the cost and expertise required can be prohibitive1, 2. A preferred 
method for detecting target materials is antibody−antigen recognition with synthetic dyes. However, 
antibodies are easily denatured by temperature changes3 and their synthesis usually requires multiple 
steps and considerable time4, 5.  
Collecting target materials in a specific area by changing the wettability of a surface has been 
identified as an easy way to enhance detection limits. Hydrophilic or hydrophobic surfaces accumulate 
nonvolatile materials at the boundary of a liquid droplet; this is sometimes called the “coffee ring 
effect”. This method uses only the limited area of a circle, leaving much of the surface unused 6, 7. A 
superhydrophobic surface, with a small hydrophilic patterned area to interface with an aqueous droplet 
has been utilized for the enrichment of trace materials. After evaporating the droplet, trace materials 
can be collected on to the interface; this is called the “condensing enrichment effect”. Examples of this 
technique include gradient hydrophobicity for centering a liquid droplet, which has been fabricated 
using photolithography8, and superhydrophilic micro-wells, which have been fabricated using UV 
irradiation of octadecyltrichlorosilane (OTS)-modified nanodendritic coatings with photomasks9. 
Inkjet printing10 and laser printing11 technology have enabled the deposition of hydrophilic materials 
directly without the need for a photomask. The condensing enrichment effect of a hydrophilic area on 
a superhydrophobic surface is suitable for enhancing detection limits; however, it is not ideal for 
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collecting valuable or toxic materials because the liquid droplets can easily roll off the 
superhydrophobic areas. 
In this study, I examined a method of condensing enrichment detection of trace materials where 
a liquid droplet was controlled and captured on a superhydrophobic surface with hydrophilic 
collection areas. Aligned fibers or fabrics were used to control the droplet12-14, and the flow path was 
formed by superhydrophobic fabric guides15. Normally, a flow path is directly deposited on to the 
substrate, but this makes it difficult to change direction or width later on16-18. Here, the guides were 
applied in a triangular structure with an interval that gradually decreased downstream towards a 
hydrophilic spot formed by a water-absorbent polymer and SiO2 nanoparticles with an average 
diameter of 8–11 nm to avoid optical scattering. Therefore, a liquid dropped on the superhydrophobic 
surface was automatically guided to the hydrophilic spot and captured. Enhancement of the adhesion 
strength was also investigated by changing the ratio of the materials used.  
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2.2. Experimental section 
 
2.2.1. Materials 
Hydrophobic fumed silica (hydrophobic SiO2, AEROSIL® RX200, EVONIK, Essen, 
Germany), hydrophilic colloidal silica (hydrophilic SiO2, ST-OS, Nissan Chemical Industries. Ltd., 
Tokyo, Japan), poly(vinyl alcohol) (PVA, Polymerization Degree about 1500, Wako Pure Chemical 
Industries, Ltd., Osaka, Japan), and polyester fabrics obtained by polyester mesh (clever, Aichi, Japan) 
were acquired for the device fabrication without the need for further purification. 
 
2.2.2. Film fabrication 
Figure 2.1 shows a schematic of the fabrication process for the detector. The superhydrophobic 
surface was fabricated by dip coating a poly(ethylene terephthalate) (PET) film measuring 2.5 cm × 
6.0 cm. It was immersed in the coating, made from hydrophobic SiO2 (4.0 wt% in ethanol) that had 
been stirred for 24 h, and was then removed at a speed of 7.5 mm/s. Various mixing ratios of aqueous 
PVA and hydrophilic SiO2 were dropped (10 µL at a time) on to the superhydrophobic surface and 
dried; this produced the desired superhydrophobic/hydrophilic patterned films. The superhydrophobic 
fabric guides were combined with film and spacers, 1 mm in height, were attached to both edges of the 
film. The superhydrophobic fabrics were then coated with hydrophobic SiO2 to make a flow path. 
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Figure 2.1. Procedure for device fabrication. A PVA/SiO2 mixture was enriched to form the 
hydrophilic spot on a superhydrophobic surface. Reproduced with permission from Ref [19]. 
Copyright 2017 American Chemical Society.19 
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2.3. Results and discussion 
2.3.1. Fabrication of the superhydrophobic/hydrophilic patterned surface 
I began by investigating the effect of the volume of liquid on the condensing enrichment effect 
on a superhydrophobic surface, as shown in Figure 2.2. Aqueous drops of different volumes, colored 
with methylene blue, were dried on the superhydrophobic/hydrophilic patterned surface and the 
contact area was examined. By reducing the volume of liquid, the contact area was also decreased; 
though I found no significant difference between the 10-µL and 5-µL samples. Considering the 
difficulty of casting the viscous liquid, I propose to use a drop volume of 10 µL. 
 
 
Figure 2.2. The effect of the volume of liquid on the condensing enrichment effect. 
Various quantities of aqueous liquid, colored with methylene blue, were dried on the 
superhydrophobic/hydrophilic patterned surface and the contact area was examined. As the volume 
of liquid decreased, so did the contact area. 
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The water absorption properties of PVA and the hydrophilicity of SiO2 will be used to capture 
liquid droplets on the superhydrophobic/hydrophilic surface. In order to find the optimum 
combination of these substances, I tested various mixing ratios of PVA and SiO2: (a) SiO2 (0.2 wt%), 
(b) SiO2 (0.15 wt%)/PVA (0.05 wt%), (c) SiO2 (0.1 wt%)/PVA (0.1 wt%), (d) SiO2 (0.05 wt%)/PVA 
(0.15 wt%), and (e) PVA (0.2 wt%). I dropped 10 µL of each solution in turn on to a superhydrophobic 
surface and heated them at 120 °C for 30 min. The results are illustrated in Figure 2.3. Solutions (a) 
and (b) were mixtures containing mostly nanoparticles and they formed coffee ring type structures; I 
observed that (a) could be peeled off easily due to the weak bonding with the substrate. In contrast, 
mixtures (d) and (e) contained mostly polymers and exhibited balloon-like structures which were not 
suitable for precise material analysis. Mixture (c), SiO2 (0.1 wt%)/PVA (0.1 wt%), exhibited a flatter 
surface than the coffee ring or balloon structures and, of the five samples, it was the most suitable for 
use as the hydrophilic spot. 
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Figure 2.3. Optimization of materials for the fabrication of a hydrophilic spot. 
(a) SiO2 (0.2 wt%), (b) SiO2 (0.15 wt%)/PVA (0.05 wt%), (c) SiO2 (0.1 wt%)/PVA (0.1 wt%), (d) 
SiO2 (0.05 wt%)/PVA (0.15 wt%), and (e) PVA (0.2 wt%). A 10-µL droplet of each solution was 
applied to the superhydrophobic surface; the samples were then heated to 120 °C for 30 min. 
Mixture (c) was the most suitable for the hydrophilic spot area as the organic/inorganic composition 
produced a flat surface. Reproduced with permission from Ref [19]. Copyright 2017 American 
Chemical Society.19 
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Next, I sought to determine the optimum annealing temperature for fabricating the hydrophilic 
spot using the SiO2 (0.1 wt%)/PVA (0.1 wt%) solution. I tested three temperatures: 20 °C, 60 °C, and 
120 °C and the results are shown in Figure 2.4(a). I found that the spot diameter was greatest when the 
temperature was above boiling point, and that it was smaller for temperatures below boiling point. I 
attributed this to the materials left by rapid evaporation at the edge of the solid/liquid interface, as 
shown in Figure 2.4(b). As in my previous investigation into droplet size, I found that for all 
temperatures, the 20- µL PVA/SiO2 droplet formed the largest spot. The 5- µL and 10- µL droplets had 
a smaller diameter, but were similar to each other. Because of the ease in handling the viscous liquid, 
10-µL droplets were chosen to fabricate hydrophilic spot areas.  
 
 
Figure 2.4. Optimization of the annealing temperature used for fabrication of the hydrophilic spot 
with PVA (0.1 wt%)/SiO2 (0.1 wt%). The diameter of the hydrophilic spot area was smaller for 
temperatures below the boiling point and for a volume below 10 µL. Reproduced with permission 
from Ref [19]. Copyright 2017 American Chemical Society.19 
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I investigated the difference in evaporation behavior on the various surfaces; the results are 
illustrated in Figure 2.5. The samples were heated to between 85 and 90 °C and I observed that the 
liquid component evaporated rapidly from the hydrophilic surface; on the other hand, it took long time 
for the droplet on the superhydrophobic surface to evaporate. This phenomenon was the result of the 
limited interface between the solid surface and the liquid; this gradual heating is useful as it prevents 
damage to the materials contained in the droplet. 
 
 
Figure 2.5. Difference of evaporation behavior on the various surfaces. 
The infrared images on the left-hand side show how the droplets absorbed heat and evaporated at 
different rates as the samples were heated to 85-90 °C. The diagrams on the right-hand side represent 
the state of the droplets on the different materials corresponding to the infrared images. The liquid 
evaporated most quickly from the hydrophilic surface and most slowly from the superhydrophobic 
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surface. The hydrophobic surface fell between the other two samples. Reproduced with permission 
from Ref [19]. Copyright 2017 American Chemical Society.19 
 
 
I also examined the contact angle during evaporation from a superhydrophobic surface; the 
results are illustrated in Figure 2.6. I condensed 10-µL droplets of PVA/SiO2 on the superhydrophobic 
surface used for fabricating the hydrophilic spot area. Cassie state was changed to Wentzel state during 
dry process and it was considered that this phenomena was related to the increased concentration from 
Figure 2.7. 
 
 
Figure 2.6. Contact angle during evaporation on superhydrophobic surfaces. 
A 10-µL droplet of PVA/SiO2 was condensed on a superhydrophobic surface. From Cassie state to 
Wentzel state was observed during evaporation process. 
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Figure 2.7. Estimation of state change point during dry process. 
Concentration was calculated by the reduced volume. Viscosity, surface tension and contact angles 
of 10-µL solution of PVA was measured. The state change point was related to the 1.4wt% where 
every factor was gradually changing. 
 
2.3.2. Mechanism of drying process 
From Figure 2.3. various structures were fabricated and these were investigated as bellow; As shown 
in Figure 2.8. due to Marangoni convection coffee ring structure was fabricated after drying process 
of a liquid droplet with inorganic nano particles. On the other hands, as shown in Figure 2.9. Due to 
film formation at the surface of liquid droplet balloon structure was fabricated after drying process 
of a liquid droplet with PVA. With these estimations, mechanism of small spot structure was 
considered that it was oriented from suppressed Marangoni convection by enhanced viscosity and 
film formation by contained large nano particles compared with polymer. 
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Figure 2.8. Dry process of a liquid droplet with inorganic nano particles.  
Because of Marangoni convection coffee ring structure was fabricated after drying process. 
 
 
 
Figure 2.9. Dry process of a liquid droplet with polymer.  
Because of film formation at the surface of liquid droplet ballon structure was fabricated after drying 
process. 
 
Chapter 2 Development of superhydrophobic film with a tiny hydrophilic area by casting method  
37 
 
Figure 2.10. Dry process of a liquid droplet with inorganic nano-particles / polymer.  
Because of suppressed Marangoni convection by enhanced viscosity and film formation by 
contained large nano particles compared with polymer, small spot structure was succeeded to 
fabricate. 
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2.3.3. Liquid flow path via superhydrophobic fabric guides 
It was difficult to get a droplet on to a specific hydrophilic spot as hand tremors caused the liquid 
to sway at the tip of the pipette (see Figure 2.11). Therefore, I fabricated two superhydrophobic fabric 
guides to transfer the droplets precisely onto the hydrophilic measuring spots. This idea was obtained 
from the difference in sliding angle of liquid droplets caused by changing the intervals of the fabrics 
(see Figure 2.12). The flow path, as shown in Figure 2.13(a), resolved the difficulty associated with 
dropping a liquid onto a specific area surrounded by superhydrophobic material. 
For fabrics intervals greater than or equal to the diameter of the 10-µL droplets, the sliding 
behavior was not hindered by the ultra-wettability of the fabric guides. In contrast, narrow intervals led 
to high sliding angles, possibly due to pressure from the fabric in the narrow path. This flow path can 
be changed by adjusting the interval depending on the droplet size; an advantage of using two 
superhydrophobic fabric guides is the ease with which the flow path can be changed. Because of this, 
large intervals were fabricated upstream for ease when applying the drops, while narrow intervals 
were fabricated downstream for guiding the droplets to the enrichment site. The superhydrophobic 
fabric guides and the hydrophilic spots enabled a droplet to be transferred from upstream and captured 
by the hydrophilic PVA/SiO2 spot, as shown in Figure 2.13(b). When the PVA ratio or water 
absorption was high in the hydrophilic spot, the sliding angle of the droplets increased and retention 
was enhanced, see Figure 2.13(c). Due to the water absorbency of PVA, even a rolled droplet was 
captured by the hydrophilic spot containing SiO2 (0.1 wt%) / PVA (0.1 wt%).  
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Figure 2.11. A trace substance detector without a flow path. 
It was difficult to precisely target a hydrophilic spot surrounded by superhydrophobic surfaces with a 
droplet because hand tremors caused the liquid to sway back and forth at the tip of the pipette. 
Reproduced with permission from Ref [19]. Copyright 2017 American Chemical Society.19 
 
 
Figure 2.12. The effect of width of flow path. 
In the case of fabrics intervals close to or above the diameter of the droplets, sliding behavior was 
not hindered by the fabrics guides due to their superhydrophobicity. On the other hand, narrow 
intervals led to high sliding angles. Reproduced with permission from Ref [19]. Copyright 2017 
American Chemical Society.19 
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Figure 2.13. Overview of a trace substance detector with a flow path. 
(a) The device was composed of superhydrophobic fabric guides on a superhydrophobic/hydrophilic 
patterned surface. (b) The direction of a falling droplet was controlled by the fabric guides until it was 
captured by a hydrophilic spot for observation. (c) As the PVA ratio in the hydrophilic spot increased, 
the sliding angle of the droplet increased, enhancing water retention. Reproduced with permission 
from Ref [19]. Copyright 2017 American Chemical Society.19 
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2.4. Conclusions 
A liquid droplet was captured successfully by a hydrophilic spot formed by a PVA/SiO2 
complex. I found that the optimum organic/inorganic spot was fabricated using 10 µL of SiO2 (0.1 
wt%)/PVA (0.1 wt%) and was annealed at 60 °C. The spot had a flat surface which was more suitable 
than the coffee ring and balloon structures formed by predominantly inorganic and organic materials 
respectively. The addition of a liquid flow path, where large fabric intervals upstream made it easy for 
drop application, while narrow intervals downstream enabled droplet control, a 
superhydrophobic/hydrophilic patterned device was successfully fabricated. 
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Chapter 3 Development of superhydrophilic film into specific area 
with layer by layer self-assembly method 
 
 
3.1. Introduction 
Quartz crystal microbalance (QCM) is often used to monitor trace materials. However, the 
frequency changes require the adsorption of the target substance in the liquid droplet1-3. In order to 
observe a contained material accurately the aqueous solution must cover the entire QCM surface. 
Various hydrophilic coating methods have been investigated for this purpose; however, the short 
diameter of the electrode (only 1 cm) and the complex structure of QCM caused difficulty with the 
coatings. Organic/inorganic composite films have both mechanical durability and flexibility which 
makes them an ideal candidate for the QCM surface. The wet process used to fabricate these films 
makes them suitable for use with the complex structure of the QCM; it is also low-cost and 
environmentally friendly. Layer-by-layer (LbL)4,5 self-assembly involves alternating depositions of 
cationic and anionic materials using electrostatic forces. This technique allows a very specific area to 
be coated when compared with conventional wet processes such as spin coating, dip coating, and 
doctor blading.  
LbL films used on the surface of the QCM are directly exposed to target solutions and therefore 
need to have high mechanical durability and a minimal effect on the analysis, as well as hydrophilic 
properties. However, it is difficult to estimate the hardness of the fabricated film by knowing only the 
concentration of cation and anion solutions, and the amount of each material in the films. Durability is 
generally characterized by further tests such as abrasion, pencil scratching, water resistance, heat 
resistance, and bending. These tests alter or destroy the films and it wastes the LbL coated QCM 
devices. 
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The viscoelasticity of coated materials can be characterized by measuring the energy dissipation 
with a QCM (QCM-D) 6-8; i.e. the attenuated amplitude is monitored as a function of time after 
shutting off the QCM power. The hardness of fabricated films can be similarly measured as a 
nondestructive test. For example, QCM decay times for coatings of soft materials are shorter than 
those made with hard materials due to cancelation effects. The voltage amplitude V(t) of a QCM at 
time t is given by6-8: 
𝑉(𝑡) =  𝑉𝑜 × 𝑒𝑥𝑝 (
−𝑡
𝜏
) × 𝑠𝑖𝑛(2𝜋𝑓𝑡 +  𝜑)      (3.1.) 
Where Vo is the amplitude of the voltage at t=0, f is the frequency obtained from fitting the damping 
function, τ is the decay time constant, and φ is the phase difference. QCM-D can also be used in 
conjunction with ellipsometry, atomic force microscopy (AFM), and surface plasmon resonance9-11. 
Commercial QCM-D instruments (e.g. Q-Sense QCM-D from Biolin Scientific) are commonly 
used because they are highly sensitive which enables sensing of DNA12, RNA13, surfactants14,15, 
dyes16, bacteria17-19, lipids20-22, gels23,24, and various other organic materials25-28. They can also be used 
to detect inorganic materials such as SiO2 nanoparticle monolayers29 and organic/inorganic composite 
films, such as: SiO2/polymer LbL films30, TiO2/polymer LbL films31, nanoparticle/cellulose nanofiber 
composite films32, Si nanoparticle composites with PDDA33, and Au nanoparticle composites with 
lipids34.  
QCM-D has been used to characterize nanoparticles in organic/inorganic composite films. The 
locations of nanoparticles in LbL films and the effects of thermal transitions have been studied35 as 
well as the wetting of PVDF/TiO2 composite films with different TiO2 content ratios; however, only 
frequency shifts were measured36. To enhance the hardness of LbL films, various concentrations of 
mussel adhesive proteins and ceria nanoparticles have been investigated, as well as the number of 
bilayers37. Viscoelasticity was measured by QCM-D, and the abrasion resistance of coatings was 
characterized with controlled-force contact mode AFM. 
Chapter 3 Development of superhydrophilic film into specific area with Layer by Layer self-assembly method 
45 
The robustness of organic/inorganic composite films has been studied using QCM-D. However, 
the relationship between film hardness and the inorganic material content ratio has not been reported. 
Furthermore, the relationship of viscoelasticity and abrasion or bending durability has not been 
examined with QCM-D. 
In this study, I evaluate the viscoelasticity of organic/inorganic composite films, with various 
inorganic nanoparticle content ratios, for their suitability for fabricating an ideal hydrophilic coating 
on a QCM surface. I use the following criteria for the study: 
 
 1) The film must be hydrophilic so that the entire area of the QCM is covered by solvent; 
 2) The film must be hard for long term durability; 
 3) The film must have minimal effect on QCM-D monitoring.  
 
I began by using flexible conducive film for ease of testing and characterized the material using 
QCM, QCM-D, glow discharge optical emission spectroscopy (GDOES),38,39 independent abrasion, 
and bending tests. The film was then applied to the QCM surface. I fabricated the 
polymer/nanoparticle stacked LbL films with different nanoparticle content ratios, which were 
estimated using QCM and GDOES. I investigated the QCM frequency shifts as the polymer and 
nanoparticles were adsorbed, while the atomic ratios of the films were analyzed with GDOES depth 
profiles. I then characterized the abrasion or bending durability of these films. By using the results 
from QCM, QCM-D, and GDOES, the relationship between the layered structures or 
polymer/nanoparticle ratios and viscoelasticity was determined.  
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3.2. Experimental section 
3.2.1. Materials 
I fabricated organic/inorganic composite films were with the LbL process using the following 
materials without purification. The positively charged material was poly(ethylene imine) (PEI, 
Mw=70 000, Wako Pure Chemical Industries, Ltd.), while the negatively charged materials were 
titanium(IV) bis(ammonium lactato) dihydroxide (TALH, 50 wt% in H2O, Sigma-Aldrich), the 
precursor of TiO2 nanoparticles, and an aqueous dispersion of SiO2 nanoparticles (OS, Nissan 
Chemical Industries, Ltd.). I used TiO2 as a high-refractive-index material and SiO2 as a 
low-refractive-index material. Poly(sodium 4-styrene sulfonate) (PSS, Mw=70 000, Sigma-Aldrich), 
and poly(diallyldimethylammonium chloride) (PDDA, Mw= 200 000~350 000, 20 wt% in H2O, 
Sigma-Aldrich) were used as buffer layers on the QCM for stabilizing the frequency41. Ultra-pure 
water (>18 MΩ cm) was used to adjust the concentrations of PEI, TALH, and SiO2 to 0.01 M, 1.0 wt.%, 
and 0.2 wt.% respectively. The respective pH values were 10.2, 3.6, and 5.4. 
 
 
3.2.2. Film fabrication 
All solutions were stirred for 24 h and used within several days. I used a flexible substrate of 
indium tin oxide-polyethylene-naphthalate (ITO-PEN) which was ultrasonically washed first in 
ethanol for 5 min and twice in ultra-pure water for 5 min each. I defined (A/B)n as material B deposited 
over material A, repeated n times. A layer with high-refractive-index was fabricated by dipping the 
either the PEN side of an ITO-PEN film, or the QCM, in solutions of PEI and TALH alternately and 
repeating this several times as shown in Figure 1. The same process was used with PEI and SiO2 
solutions to create the low-refractive-index layer. I fabricated the following five different nanoparticle 
ratios in composite samples, as shown in Figure 2: 
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(i) (PEI/TALH)3 + (PEI/SiO2)1 + (PEI/TALH)2 + (PEI/SiO2)2 + (PEI/TALH)1 + (PEI/SiO2)3; 
(ii) (PEI/TALH)6 + (PEI/SiO2)6; 
(iii) (PEI/TiO2)6; 
(iv) (PEI/TiO2)6; 
(v) buffer layer only. 
Types (i) and (ii) had the same sipping time, however the order was different with one composed of a 
gradient and the other a step wise refractive index. 
Every sample was considered to be optimized when it exhibited the highest transparency6; this 
is necessary to avoid disturbing the observation of the QCM surface. I classified these samples as 
follows: Type (i) was six block layers, (ii) two block layers, and (iii) and (iv) were both one block layer. 
For this study, I named type (i) gradient refractive index layer anti-reflection film (GRIL-AR), and 
type (ii) as 2 layers-AR. 
 
 
Figure 3.1. Layer-by-layer method. ITO-PEN was used as the substrate. As a cationic solution, I 
used PEI(aq) or PDDA(aq). As an anionic solution, I used SiO2(aq) or TiO2(aq). Reproduced with 
permission from Ref [43]. Copyright 2015 American Chemical Society.43 
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Figure 3.2. Frequency shift measurement by QCM. (a) Schematics of Type (i)–(v) films. The 
substrate was either the QCM or a PEN film. (b) QCM data for Type (i) (blue), Type (ii) (green), 
Type (iii) (yellow), and Type (iv) (red) films. The light-red zone corresponds to cation deposition for 
1 min, followed by rinsing three times with water for 30 s. The light-blue zone corresponds to anion 
deposition for 1 min, followed by rinsing three times with water for 30 s. Reproduced from Ref. 44 
with permission from The Royal Society of Chemistry. 
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3.2.3. QCM-D system 
The simple QCM-D system used a digital storage oscilloscope and UNIX40 programs for 
analyzing the 2106 (2M) plots stored in the oscilloscope. I used Cygwin UNIX for Windows (Red 
Hat, Inc., Raleigh, NC, USA) for large-data-set analysis to obtain QCM-D frequency information, and 
for the determination of the viscoelasticity of stacked polymer/nanoparticle films. A schematic of the 
QCM/Unix system is shown in Figure 3.3. The QCM (with a 10 MHz reference frequency) was 
connected to a Hartley oscillator and the frequency monitored in one channel of a digital storage 
oscilloscope (GWINSTEK, GDS-1152A-U) set at 10 ms/div real-time sampling and 2M plot data 
storage. The QCM period was 100 ns and the oscilloscope could store plots over 80400-ns periods, 
depending on the horizontal range of the oscilloscope. The stored analog QCM data was transferred to 
the Cygwin UNIX system and the data set, composed of column 1 (time t) and column 2 (voltage V(t)), 
was analyzed and plotted with Gnuplot (Red Hat, Inc.). I calculated the decay time constant τ and used 
this to estimate the relative viscosity of the fabricated films. Details of the data analysis programs 
(Program 1, 2 and 3) are given in the supporting information. I used Program 1 to calculate a constant 
Vmax value (see Figure 3.4) and then adjusted the time origin to the damping start time with Program 
2. The decay time constant τ was calculated when the voltage was Vmax/e (where e is Napier’s 
constant) using Program 3.  
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<Program 1 > 
 
$ tail -2000000 QCMDdata.csv > QCMDdata2.csv //(1) 
$ Split QCMDdata2.csv –l 500 newfiles //(2) 
$ awk -F, ‘{print $2}’ newfiles**| sort -gr| head -n 1352 > Vmaxs //(3) 
$ awk 'BEGIN {} { x+=$1 } END { print x/NR }' Vmaxs //(4) 
 
<Program 2 > 
 
$ xinit //(5) 
$ gnuplot  //(6) 
gnuplot> set datefile separator “,”  //(7) 
gnuplot> plot “QCMDdata2.csv” using 1:2 //(8) 
$ awk -F, ‘{ print $1 – T , $2 }’QCMDdata2.csv > QCMDdata3.csv //(9) 
 
<Program 3 > 
 
$ awk '{if( $2 > Vmax/e ) print $1}' QCMDdata3.csv | tail -n1 >  
QCMDdata4.csv 
//(10) 
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Figure 3.3. Flow chart of QCM-D, oscilloscope, and UNIX software. Nanoparticles and polymers 
were deposited on the QCM and measured with a Hartley oscillator and digital oscilloscope. The 
oscilloscope stored 2M plots in a csv file, this was transferred to a UNIX system for analysis by 
Programs 1, 2 and 3. Graphics were drawn with Gnuplot. Reproduced from Ref. 44 with permission 
from The Royal Society of Chemistry. 
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Figure 3.4. Raw QCM-D (attenuated amplitude) data. The vertical axis is voltage V(t), and the 
horizontal axis is time t. Vmax is the average of the maximum voltages over time (in the region 
where t<<0). Damping did not start at 0 s, thus the origin was shifted to the damping start time “T”. 
When the voltage was Vmax/e, the time was equal to the decay time constant τ. Reproduced from 
Ref. 44 with permission from The Royal Society of Chemistry. 
 
3.2.4. Evaluation 
I measured the nanoparticle content ratios in the fabricated films using a QCM and GDOES 
(GDprofiler2, Horiba Scientific); GDOES is a rapid depth profiling technique used for quantitative 
analysis. The viscoelasticity of the films was measured by QCM-D decay times, as discussed above, 
and the durability was checked with independent abrasion and bending tests. In the abrasion test, the 
films were subject to cotton swab abrasion with a pressure of 10 g/cm2. Parallel transmittance was 
measured with a haze meter (NDH5000, Nippon Denshoku Industries Co., Ltd) while the abrasion 
cycle was repeated 1050 times. The difference in parallel transmittance before and after the abrasion 
was used as an index of abrasion durability. To evaluate bending durability, a 5-cm film was bent at an 
angle of 140° for 5 s. The durability was determined by the difference in parallel transmittance before 
and after bending. 
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3.3. Results and discussion 
3.3.1. Required properties for the LbL film 
The liquid coverage area of the QCM was important as the vibration behavior changes with the 
position of the liquids42. It was difficult to cover the entire area with a small droplet but I needed to 
confirm the relationship between coverage ratio and damping time for accurate viscous sensing. 
Figure 3.5 (a) shows the coverage of the QCM by water droplets. As the bare surface of the QCM is 
not hydrophilic 5-µL and 20-µL droplets were insufficient to cover the entire surface of the QCM so I 
increase the amount to 45 µL. Figure 3.5 (b) shows the damping behavior after shutting off the power. 
The damping time of the QCM with 5 µL of water was longer, and the amplitude higher when 
compared to the QCM with 45 µL of water. I believe that the difference was caused by the interfacial 
cancelation between a liquid droplet and the QCM. The shear vibration of the QCM was suppressed by 
the liquid droplets and this is shown in Figure 3.5 (c). The relationship between damping time and 
coverage area were measured from 0 to 45 µL, Figure 3.5 (d).  
The damping time (a.u.) was normalized by dividing each damping time by the damping time 
without a water droplet. Stable damping behavior was observed for droplets with volume above 30 µL. 
I considered the major cause of the difference in damping time to be coverage area rather than mass 
because 45-µL water droplet is heavier than that one of 30 µL, but their damping times were 
approximately the same. From this I focused my research on how to cover the entire surface of the 
QCM and decided to utilize hydrophilic layer with LbL coating using electrostatic forces. 
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Figure 3.5. Coverage area of the QCM by a water droplet. (a) Top view of QCM covered by a water 
droplet. (b) Damping times measured by QCM-D. (c) Shear vibration was canceled out by a water 
droplet. (d) By increasing the amount of water the damping time was gradually decreased. Damping 
times of the QCM with water droplets were normalized by dividing by of the damping time without 
liquid. Stable value of damping time (a.u.) was observed when the water droplets were over 30 µL. 
Reproduced from Ref. 45 with permission from The Royal Society of Chemistry. 
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3.3.2. Concentration of polymer 
I began by comparing PEI and PDDA to select a suitable polymer. The results of the abrasion 
test are shown in Figure 3.6. I selected these polymers because PEI is a weak polyelectrolyte and 
PDDA is a strong polyelectrolyte (see the difference of ζ potentials in Figure 3.7.). Normally, the 
structure of weak polyelectrolytes changes from loopy to train with changes in pH due to the 
ionization degree. Conversely, strong polyelectrolytes have a train structure because the ionization 
degree of the polymer does not change with pH. The loopy structure has a low charge density, which 
contributes to the formation of a thick film. The train structure has a large charge density, which leads 
to the formation of a thin film. Two-layered AR using PEI treated at 150 °C for 3 h had higher abrasion 
durability than the one made using PDDA. The film with PEI formed a complex polymer with a loopy 
structure and nanoparticles with a smaller diameter (Figure 3.8). This well-mixed structure 
contributed to the adhesion of each layer. The film made using PDDA had weak abrasion durability 
because each layer was separated by a strong polyelectrolyte. The strong polyelectrolyte was not 
combined in each layer and had no effect on the adhesion between the polymer and the nanoparticles 
and low adhesion force led to poor resistance to abrasion. From these results, I selected PEI as the 
coating material. 
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Figure 3.6. Abrasion test using PEI and PDDA 
(a) Every sample was dried at 150 °C for 3 h. I compared 2 block layers (PEI), and 2 block layers 
(PDDA). For the abrasion cycle I used cotton fabrics applied at 100 g per 1 cm2. The abrasion cycle 
was repeated between 10 and 50 times. (b) The film fabricated using PEI was well mixed with 
polymers and nanoparticles because of the loopy structure of PEI. Compared with PDDA, which has 
a train structure, PEI showed better abrasion test results. Reproduced with permission from Ref [43]. 
Copyright 2015 American Chemical Society.43 
 
 
 
Figure 3.7. ζ potentials of aqueous solutions. 
Every solution was used without pH adjustment. The concentrations were same as the solutions used 
in LbL process. The absolute value of the zeta potential of SiO2(aq) was higher than that of TiO2(aq). 
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The zeta potential of PEI(aq) was higher than that of PDDA(aq). A high zeta potential leads to a high 
electrostatic force. Reproduced with permission from Ref [43]. Copyright 2015 American Chemical 
Society.43 
 
 
Figure 3.8. Scanning electron microscope (SEM) images of LbL film 
(a) The surface of PEI/SiO2 and (b) The surface of PEI/TiO2. There were six deposition cycles for 
both the PEI/SiO2 and PEI/TiO2 layers. The surface was filled with nanoparticles. Reproduced with 
permission from Ref [43]. Copyright 2015 American Chemical Society.43 
  
3.3.3. Nanoparticle content ratios 
I calculated the deposition of each layer by the frequency shifts of the cation layer, anion layers, 
and the total frequency shift. The nanoparticle ratios are given in Table 3.1. For type (i) and (ii) films, 
the total frequency shifts were approximately the same; however, the cation frequency shift was lower 
for type (ii). Type (iv) had the highest nanoparticle content ratio at 94.6%, followed by type (ii) at 
91.1%, type (iii) at 86.4%, and the lowest, type (i) at 79.3%.  
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Table 3.1. QCM frequency shifts and nanoparticle content ratios 
 
The nanoparticle ratio is given by the anion frequency shift/total frequency shift. Reproduced from 
Ref. 44 with permission from The Royal Society of Chemistry. 
 
 
Nanoparticle content ratios were also estimated by using GDOES in Ar+ etching mode, as shown in 
Figure 3.9. I evaluated the intensity of each material as a function of depth and the interface between 
the film and substrate was indicated by the carbon peak. I was then able to estimate the nanoparticle 
content ratio of each material was by the integration of the peaks up to the substrate interface. The 
nanoparticle ratios from GDOES (see Table 3.2.) were different from those obtained by QCM; 
however, the order of the nanoparticle compositions was the same, as shown in Figure 8. I also 
calculated the percentage difference in the values obtained from QCM and GDOES, defined as the 
difference between the two values divided by average. The results were: Type (i) 55.7%; Type (ii) 
18.7%; Type (iii) 28.6%; and Type (iv) 43.3%. From the QCM (Table 3.1.) and GDOES (Table 3.2.) 
results and Figure 3.10, I concluded that the order of nanoparticle content ratio was Type (iv) > Type 
(ii) > Type (iii) > Type (i).  
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Figure 3.9. Depth of material distribution by GDOES profiling. I fabricated Type (i)–(iv) films on 
flexible PEN substrates and evaluated the depth of each material. The interface between the 
fabricated film and substrate was at the carbon peak. Reproduced from Ref. 44 with permission from 
The Royal Society of Chemistry. Reproduced from Ref. 44 with permission from The Royal Society 
of Chemistry. 
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Table 3.2. Integral of voltages and nanoparticle content ratios from GDOES data 
 
Integral of voltages of Si, Ti, and C are shown. The nanoparticle ratios were calculated from (Si +Ti) / 
(Si +Ti + C). Reproduced from Ref. 44 with permission from The Royal Society of Chemistry. 
 
 
 
Figure 3.10. Estimation of nanoparticle content ratios from QCM and GDOES. The order of the 
nanoparticle content ratios was Type (iv) > Type (ii) > Type (iii) > Type (i). Reproduced from Ref. 
45 with permission from The Royal Society of Chemistry. 
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3.3.4. Film structure estimated by refractive index 
An image of the Type (i) gradient refractive index structure is shown in the inset of Figure 3.11. 
From this cross-sectional scanning electron microscope (SEM) image, it is possible to observe TiO2 
and SiO2. However, it was difficult to determine the ratio of each material. By comparing the 
measured value from ellipsometry and calculated value from the GDOES analysis, I estimated the film 
structure. The measured values are shown in Figure 3.11, where I can see that the interface of the PEN 
substrate and AR film is at a maximum at the carbon peak.  
The refractive index for each film was calculated using equation: 
 
𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥
=  
1.35 × (𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑖) +  1.59 × (𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑖)
(𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑖 𝑎𝑛𝑑 𝑇𝑖)
     (3.2. ) 
 
For a film with only the low-refractive index layer was 1.35; the refractive index with only the 
high-refractive index layer was 1.59. The refractive index of the type (i) film exhibited a gradient, 
unlike the type (iii) 2 block layers (PEI), because during the LbL process, each material was mobile 
due to the wet conditions, this led to the fabrication of a mixed area. I also attempted to measure the 
refractive index and film thickness using ellipsometry, inserted in Figure 3.11. 
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Figure 3.11. Depth profile by GDOES and Ellipsometry Film type (i) shows a gradient compared to 
the step change of type (iii). Reproduced with permission from Ref [43]. Copyright 2015 American 
Chemical Society.43 
 
 
3.3.5. Viscoelasticity 
Digitized QCM-D plots for the film types (i)–(v) are shown in Figure 3.12 and the calculated 
Vmax, T, and τ values are listed in Table 3.3. Every film exhibited a shorter decay time than the type 
(v) substrate sample. The variance in decay time is caused by two factors: the nanoparticle ratio, and 
the material depth distribution corresponding to the number of block layers. The type (i) structure had 
multi-block layers and the lowest nanoparticle ratio (79.3% from QCM, 83.84% from GDOES); 
where as the type (ii) structure also had multi-block layers, but had a high nanoparticle ratio (91.1% 
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QMC, 89.41% GDOES). Type (iii) had one block layer and a low nanoparticle ratio (86.4% QMC, 
83.96% GDOES); type (iv) also had one block layer, but it had the highest nanoparticle ratio (94.6% 
QMC, 90.59% GDOES). 
From the QCM-D data, I found that the decay time order was type (i) < type (ii) < type (iii) < 
type (iv). The type (i) structure contained the most polymers (see Table 3.3) and thus had the shortest 
QCM damping time of all the samples because of the greater energy absorbance by the soft material. 
The type (ii) film had a longer damping time than the type (i) film; this indicated that the former had a 
lower viscoelasticity. Despite the difference in decay times, the total frequency change for the two 
films was approximately the same; this indicates that the nanoparticle ratio is a key factor in 
viscoelasticity. Comparing film types (ii) and (iii), the orders of the nanoparticle ratio and decay times 
were different. This suggests that the decay time was determined by the layered structure (multi-block 
layers vs. one block layer) rather than the nanoparticle ratio. Types (iii) and (iv) were both made from 
a one block layer and had different nanoparticle ratios; however, the order of the nanoparticle ratios 
were the same as the decay times. Thus, the decay time was determined mainly by the nanoparticle 
ratio. In summary, the decay times were longer, and the fabricated films had lower viscoelasticity, 
either as a result of the large quantities of nanoparticles, or because of the uniform layered structure 
(one block layer). 
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Figure 3.12. QCM-D for films of type (i), (ii), (iii), (iv), and (v). Decay times correlated with the 
film viscoelasticities. The decay time constants, τ were: 0.0178012, 0.0239392, 0.024934, 0.0314432, 
and 0.0315996 for film types (i)–(v), respectively. Reproduced from Ref. 44 with permission from 
The Royal Society of Chemistry. 
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Table 3.3. Decay time constant τ 
 
These results were calculated using programs. The decay time constant τ was gradually increased from 
film type (i) to (v). Reproduced from Ref. 44 with permission from The Royal Society of Chemistry. 
 
 
3.3.6. Abrasion durability 
To characterize film durability, I performed abrasion tests. If the transmittance of the film was 
decreased by abrasion with a cotton swab at a pressure of 10 g/cm2 then it had poor durability. As 
shown in Figure 3.13, the transmittance was reduced dramatically for the type (i) samples (reduced to 
89.6%); this film also had the lowest nanoparticle ratio and the highest QCM-D viscoelasticity. Type 
(ii) also showed poor durability (reduced to 97.6%), though it had a higher nanoparticle ratio relative 
to the type (iii) film (reduced to 98.8%). This is most likely due to the two block layers in type (ii) 
made of PEI and SiO2, and PEI and TIO2; thus, the difference in nanoparticle diameters affected the 
durability of the films. Type (iv) had the best abrasion durability (reduced to 99.5%), most likely 
because of the high nanoparticle ratio and one block structure. 
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Figure 3.13. Abrasion tests. (a) The fabricated films were abraded with cotton swabs at a pressure of 
10 g/cm2. The transmittance of the abraded samples decreased due to the film damage. (b) Reduction 
in parallel transmittance after 50 abrasion cycles. The average values of five points were used. 
Reproduced from Ref. 44 with permission from The Royal Society of Chemistry. 
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3.3.7. Bending durability 
The flexibility of the films was characterized by the bending test, as shown in Figure 3.14. The 
films of type (iii) and (iv) exhibited the greatest flexibility with transmission decreased to 98.1% and 
98%, respectively. In contrast, film types (ii) and (i) had poor flexibility and were decreased to 97.6% 
and decreased to 97.2%, respectively. Bending durability was most likely affected by the polymer 
content ratio. Comparing types (iv) and (iii), type (iii) contained more polymers, and this influenced 
the bending durability. Although the film type (i) had the highest polymer ratio, the bending durability 
was poor due to the multi-block stacked structure with many interfaces between different materials; 
having also contained SiO2 and TiO2 nanoparticles with different diameters. 
 
 
Figure 3.14. Bending tests to evaluate the flexibility of films. The 5 cm film was bent to an angle of 
140° as shown above. The flexibility was determined by the difference in parallel transmittance 
before and after bending. The average values from five points were used. Reproduced from Ref. 44 
with permission from The Royal Society of Chemistry. 
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3.3.8. Relationship between viscoelasticity and durability 
Previously, I discussed the relationship between viscoelasticity and durability of the fabricated 
films with different nanoparticle content ratios and the results are summarized in a flow chart shown in 
Figure 3.15. Although the nanoparticle ratios of type (ii) and type (iii) films were different from the 
decay time order, the decay times did correlate with the one block layer film or the multi-block stacked 
structures, and the nanoparticle ratio. I also found that the films with high durability had long QCM 
decay times. Thus, I conclude that longer decay times for polymer/nanoparticle stacked films indicate 
high abrasion or bending durability; by using QCM-D, I could estimate the durability of films without 
destructive tests. Thus, with the cost-effective QCM-D, digital oscilloscope, and UNIX system, I was 
easily able to measure the hardness of deposited films. From these results, I concluded that type (iv) 
“PEI and silica coating” was suitable for the solid QCM surface because this had high abrasion 
durability and less effect on the QCM-D measurement. 
 
 
Figure 3.15. The relationship of QCM-D decay times and film durability. When the films had one 
block layer and a high nanoparticle ratio, they had longer decay times, higher abrasion durability, 
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and higher bending durability. In contrast, when the film had multi-block layers and low nanoparticle 
ratios, they had shorter decay times, lower abrasion durability, and lower bending durability. 
Reproduced from Ref. 44 with permission from The Royal Society of Chemistry. 
 
3.3.9. Hydrophilicity 
From the results above, a silica/PEI hydrophilic layer was selected as a LbL film for QCM 
surface. Figure 3.16 (a) shows that the hydrophilic layer reduced the contact angles from 85.4° for the 
bare surface. When I used 8 or 10 bilayers, the contact angles were decreased significantly; however, 
the decay time was shorter than for the bare QCM, and it was difficult to ignore the adsorbed amount 
as shown in Figure 3.16 (b). Although adsorption reduced the amplitude from 44 mV to 41 mV, 6 
bilayers showed almost the same damping time (73 ms) as the bare QCM, while the wettability was 
enough to cover the entire area with just 10 µL of water. Therefore, I decided to utilize 6 bilayers for 
the hydrophilic layer. Finally, I compared this with another hydrophilic method; UV-Ozone also 
showed high wettability however, LbL film was superior to the UV-Ozone in terms of durability, as 
shown in Figure 3.17. 
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Figure 3.16. Hydrophilic layer on a QCM. (a) Silica/polyelectrolyte hydrophilic layer, fabricated 
using the LbL method, enhanced wettability. (b) The damping time of (PEI/SiO2)6 on the QCM was 
no different to the bare QCM because of the thin LbL film. Reproduced from Ref. 45 with 
permission from The Royal Society of Chemistry. 
 
 
Figure 3.17. Comparison with another technique. 
Compared with UV-ozone treatment, (PEI/SiO2)6 hydrophilic coating fabricated using the LbL 
method had long-term hydrophilicity. Reproduced from Ref. 44 with permission from The Royal 
Society of Chemistry. 
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3.4. Conclusions 
I fabricated hydrophilic polymer/nanoparticle stacked LbL films with PEI, TiO2, and SiO2 
nanoparticles, and different nanoparticle content ratios. I then assessed the abrasion and bending 
durability of the films using QCM, QCM-D, GDOES, and independent abrasion and bending tests. 
Decay times following QCM excitation were longer for the films with one block layer, and when there 
was a relative excess of nanoparticles. These films had high abrasion or bending resistance. Relative to 
the film types (iii)(iv), type (i)(ii) had more block layers and relatively low nanoparticle ratios; thus, 
they exhibited shorter decay times and lower abrasion and bending durability. 
Considering the durability tests, QCM-D measurement, and wettability, I selected (PEI/SiO2)6 
as a coating condition for the QCM surface. This coating met the criteria of high durability, limited 
effect on QCM-D analysis, and low contact angle. 
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Chapter 4 Content analysis with the condensing enrichment and colorimetric 
change of a microdroplet 
 
 
4.1. Introduction 
Monitoring of trace substances to make sure that they do not exceed toxic levels is important in 
human healthcare. For example, the concentration of antigens1, DNA2, 3, and drugs4 in human fluids 
are inspected for disease diagnosis, or for assessing effects of treatment. Surveys of harmful materials 
in drinking water5 or the environment6 are also important. Caffeine is a purine ring compound that is 
widely consumed; however, amounts exceeding 400 mg/day, or a plasma concentration of 15 µg/ml, 
can be toxic. An intake of 5 g/day, or a plasma concentration of 80 µg/ml, is considered lethal7-9. 
Abacavir is an anti-HIV drug which also has a purine ring; its concentration in the plasma or saliva is 
monitored for therapeutic effects at levels ranging from 1 ng/ml to 10 µg/ml 10.  
In Chapter 2, I presented a device for the analysis of trace materials; a 
superhydrophobic/hydrophilic patterned surface. A target liquid droplet was captured by a 
hydrophilic spot formed of a PVA/SiO2 complex which was fabricated with 10 µL of SiO2 (0.1 
wt%)/PVA (0.1 wt%) and annealed at 60 °C. Combining this with the liquid flow path, which had large 
fabric intervals upstream and narrow intervals downstream, a small liquid droplet could be guided 
across the superhydrophobic surface to the hydrophilic spot. Compared with general 
high-performance instrumentation, or specific reactions such as liquid chromatography–tandem mass 
spectrometry, and Antibody−antigen recognition11-15, this device effectively enhanced the detection 
limit. Therefore, I decided to use this superhydrophobic/hydrophilic patterned surface for trace 
material sensing in this chapter. 
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I selected caffeine as a target material and used murexide reaction16 for caffeine sensing. A 
droplet containing caffeine was captured by the hydrophilic spot and heated , H2O2 and HCl were then 
safely added via superhydrophobic fabric guides to give a color reaction. The caffeine concentration 
was estimated by the color intensity and calibration curves. 
 
 
4.2. Experimental section 
4.2.1. Materials 
For fabrication of the device I used: hydrophobic fumed silica (hydrophobic SiO2, AEROSIL® 
RX200, EVONIK, Essen, Germany), hydrophilic colloidal silica (hydrophilic SiO2, ST-OS, Nissan 
Chemical Industries. Ltd., Tokyo, Japan), poly(vinyl alcohol) (PVA, Polymerization Degree about 
1500, Wako Pure Chemical Industries, Ltd., Osaka, Japan), and polyester fabrics obtained by polyester 
mesh (clever, Aichi, Japan) were used. For the sensing and target materials I used: anhydrous caffeine 
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), (+)-catechin hydrate (Tokyo Chemical Industry 
Co., Ltd, Tokyo, Japan), abacavir (Tokyo Chemical Industry Co., Ltd, Tokyo, Japan), indole (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan), and urea (Wako Pure Chemical Industries, Ltd., Osaka, 
Japan) without further purification. 
 
4.2.2. Device fabrication 
Device fabrication was discussed in detail in chapter 3. To summarize briefly, a 
superhydrophobic surface was fabricated by dip coating a PET film with hydrophobic SiO2 at a speed 
of 7.5 mm/s. I then casted 10 µL of aqueous PVA/hydrophilic SiO2 onto the superhydrophobic surface 
and annealed it to form a superhydrophobic/hydrophilic patterned film. Superhydrophobic fabric 
guides were combined with the patterned film. 
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4.2.3. Sensing procedure 
As shown in Figure 4.1, 10-µL droplets containing the target materials were safely guided by the 
hydrophobic path and captured by the hydrophilic collection spots. The solvent was removed by 
heating the device to 60 °C for 30 min. A 10-µL mixture of H2O2 (33 wt%, 5 µL) and HCl (1 M, 5 µL) 
was safely guided along the flow path. After further heating at 100 °C for 30 min, the measurement 
area was masked with black tape leaving 1 mm2 exposed. Using a color difference meter (Color 
Reader CR-13, KONICA MINOLTA, INC., Tokyo, Japan) I observed a colorimetric change in the 
sample. 
 
 
Figure 4.1. Procedure for trace substance detection. The quantity of caffeine can be estimated by the 
concentration on the patterned film and observing a specific color reaction. Reproduced with 
permission from Ref [17]. Copyright 2017 American Chemical Society.17 
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4.3. Results and discussion 
 
4.3.1. Detection of trace materials 
A detector for trace materials in aqueous solutions could be widely used for safety and 
environmental monitoring. A liquid droplet containing a small amount of target material (caffeine in 
this chapter) was analyzed by using the superhydrophobic/hydrophilic patterned film along with 
superhydrophobic fabric guides. The detection scheme illustrated in Figure 4.1 was performed in three 
steps. 
1) A small liquid droplet was pinned at the hydrophilic spot on the superhydrophobic flexible 
substrate. 
2) The excess solvent was removed by heating. 
3) The collected target material was oxidized with H2O2 and HCl, then the color change was 
measured to estimate the quantity. A white-to-red color change, indicating the presence of 
caffeine, resulted from the oxidation of the purine ring (see Figure 4.2.). 
 
Compared with bare film, the superhydrophobic/hydrophilic patterned surface demonstrated a 
higher detection performance due to the condensing enrichment effect of the superhydrophobic 
surface, as shown in Figure 4.3. Without this effect, a coffee ring was left on the hydrophilic surface 
and it was difficult to estimate the concentration, especially when the concentration was low. 
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Figure 4.2. Murexide reaction. 
(a) Color change of murexide reaction with caffeine. (b) Abacavir, which has similar structure to 
caffeine, also changed color from white to yellow or red. To simplify the detection procedure, I used 
only reactions with H2O2 and HCl. Reproduced with permission from Ref [17]. Copyright 2017 
American Chemical Society.17 
 
 
 
Figure 4.3. Enhanced color intensity by condensing enrichment effect. 
The superhydrophobic/hydrophilic patterned surface showed excellent detection performance due to 
the enrichment effect of the superhydrophobic surface. Without this a coffee ring was observed on 
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the hydrophilic surface, which made it difficult to estimate the concentration, especially for low 
concentrations. Reproduced with permission from Ref [17]. Copyright 2017 American Chemical 
Society.17 
 
 
4.3.2. Comparison of hydrophilic spot areas for caffeine sensing 
I investigated various hydrophilic spots for caffeine detection using the mixtures: SiO2 (0.2 
wt%), SiO2 (0.15 wt%)/PVA (0.05 wt%), SiO2 (0.1 wt%)/PVA (0.1 wt%), SiO2 (0.05 wt%)/PVA (0.15 
wt%), and PVA (0.2 wt%). After the color reaction, coffee ring and balloon structures were observed 
for all sample except the SiO2 (0.1 wt%)/PVA (0.1 wt%) mixture, as shown in Figure 4.4(a). Figure 
4.4(b) shows oxidized caffeine. The Fourier transform infrared (FT-IR) peaks at 1436 cm-1, 1742 cm-1, 
and 3322 cm-1 were used to determine the oxidization ratio; the FT-IR spectra of caffeine after color 
reaction are shown in Figure 4.5. By comparing a non-optimized hydrophilic spot (SiO2/PVA = 0.1 
wt%/0.1 wt% and 120 °C annealing temperature) and an optimized hydrophilic spot (SiO2/PVA = 0.1 
wt%/0.1 wt% and 60 °C annealing temperature) I found that the intensity and concentration had a high 
correlation, as shown in Figure 4.4(c,d). 
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Figure 4.4. Determination of a suitable hydrophilic spot area for caffeine sensing. 
(a) Caffeine detection on the hydrophilic spots made from the various mixtures of 
SiO2(wt%)/PVA(wt%) noted in the images. (b) Oxidation of caffeine. (c) FT-IR peaks of oxidized 
caffeine on a non-optimized hydrophilic spot (SiO2/PVA = 0.1 wt%/0.1 wt% and an annealing 
temperature of 120 °C) (d) FT-IR peaks of oxidized caffeine on an optimized hydrophilic spot (SiO2 
/PVA=0.1 wt%/0.1 wt% and an annealing temperature of 60 °C). Reproduced with permission from 
Ref [17]. Copyright 2017 American Chemical Society.17 
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Figure 4.5. FT-IR spectra of caffeine after color reaction. 
(a) Caffeine with and without reaction with H2O2/HCl on a glass substrate showed the different 
peaks. (b) One of the chemical structures of the red products cited from Ref 29. (c) Caffeine with or 
without reaction of H2O2/HCl on a superhydrophobic/hydrophilic patterned film. Reproduced with 
permission from Ref [17]. Copyright 2017 American Chemical Society.17 
 
 
4.3.3. Selectivity of caffeine detection 
The ability to selectively detect caffeine was demonstrated by comparison with abacavir (ABC), 
catechin, indole, and urea. ABC is an anti-HIV drug that also has a purine ring; the color change from 
white to yellow shown in Figure 4.2, is different from caffeine because the purine ring is less-oxidized 
for ABC. Results using the same detection procedure on the superhydrophobic/hydrophilic patterned 
film are shown in Figure 4.6. The ABC color change from white to yellow was observed, while the 
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other materials had different color changes. The original color of catechin was yellow and thus a color 
change was not observed. Indole was evaporated during the heating step, while urea has a totally 
different chemical structure and no color change was observed. Hence, this method can be used to 
selectively detect caffeine by the color change reaction. 
 
 
Figure 4.6. Color reaction of enriched trace substances. 
Droplets (volume 10 µL) of five aqueous solutions, with concentrations of 100 µg/mL, 250 µg/mL, 
500 µg/mL, and 750 µg/mL were enriched by condensation then reacted with H2O2 and HCl. Only 
caffeine exhibited a color change to red from the reaction. Reproduced with permission from Ref 
[17]. Copyright 2017 American Chemical Society.17 
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4.3.4. Calibration curves by optical observation 
The FT-IR peaks of oxidized caffeine on the superhydrophobic/hydrophilic patterned film, and 
the colorimetric analysis with L* a* b* color space are shown in Figure 4.7(a). The reproducibility of 
caffeine sensing was confirmed by the color differences shown in the different samples in Figure 
4.7(b). The color value (a*) is related to the redness of the sample and means that calibration curves 
can be calculated. Above 100 µg/ml, the value of (a*) changed linearly as shown in Figure 4.7(c). One 
advantage of this method is that the difference in color can be easily observed visually; as a guide for 
visual estimation of caffeine concentration the color sample shown in figure 4.8 was devised. 
Moreover, the concentration of the trace material in a small droplet was well estimated by multivariate 
analysis with condensing enrichment effect, FT-IR spectra, and colorimetric analysis (see Figure 4.9.).  
 
Figure 4.7. Calibration curves by colorimetric analysis. 
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Specific FT-IR peaks for caffeine after the H2O2/HCl reaction on the patterned film, and the 
colorimetric analysis with L* a* b* are shown. (b) Reproduction of color changes across samples 
with caffeine sensing. (c) Calibration curve of the optical value and caffeine concentration. The 
concentration of trace materials in a small droplet can be estimated by colorimetric analysis. 
Reproduced with permission from Ref [17]. Copyright 2017 American Chemical Society.17 
 
 
 
Figure 4.8. Color sample for estimating the caffeine concentration. 
The redness of condensed caffeine with oxidation was gradually increased with the concentration of 
caffeine; this concentration was easily estimated with the naked eye using this color sample. 
Reproduced with permission from Ref [17]. Copyright 2017 American Chemical Society.17 
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Figure 4.9. Calibration curve from multivariate analysis. Reproduced with permission from Ref [17]. 
Copyright 2017 American Chemical Society.17 
 
The concentration of caffeine was calculated with the FT-IR data and optical value from Figure 
7(a) by multivariate analysis. The calibration formula was as follows: 
Calc. value = -0.82 + 18.05 * ① + 9.70 * ② + (-4.91) * ③ + 0.013 * ④ + 0.166 * ⑤ (4.1.) 
When compared with commercial techniques, such as High-Performance Liquid Chromatography 
(HPLC), this work showed high reliability and was easy and convenient carry out (See Figure 4.10). 
This sensing method could be used to detect other trace materials that have specific color reactions and 
will be particularly useful for outdoor inspection assays, or point-of-care devices. Moreover, unknown 
concentration sample can be estimated from different concentration times as shown in Figure 4.11. 
This was unique point of condensing enrichment effect. 
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Figure 4.10. Comparison of high performance liquid chromatography (HPLC) and this work 
A commercial HPLC was used to estimate the caffeine concentration; while the HPLC (a) had 
greater reliability and a large measuring range, the results of this study (b) also provided reliability 
with an easy and convenient method. The HPLC had stationary phase: ODS, mobile phase: 
methanol/water=80/20, column temperature=40 °C, flow speed=0.5 mL/min, and measurement 
wavelength=254 nm. Reproduced with permission from Ref [17]. Copyright 2017 American 
Chemical Society.17 
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Figure 4.11. Estimation of unknown concentration by one sample  
With using condensing enrichment different concentration was made from one unknown sample. By 
slopes from total quantity of casted liquid droplet and optical value, concentration of unknown 
sample was able to be estimated.   
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4.4. Conclusions 
A droplet was guided by superhydrophobic fabrics and captured by a hydrophilic spot made 
from a PVA/SiO2 complex. The organic/inorganic spot had a flat surface and was fabricated with 10 
µL of SiO2 (0.1 wt%)/PVA (0.1 wt%) and annealed at 60 °C. It was a much more suitable hydrophilic 
area than the coffee ring structures formed by predominantly inorganic materials, or the balloon 
structures formed by mostly organic materials. Large fabric intervals upstream made drop application 
easy, while narrow intervals downstream enabled droplet control. The small interface between the 
superhydrophobic surface and the droplets allowed us to collect trace levels of caffeine. The 
concentration of the caffeine can be estimated visually via a colorimetric analysis. This device will 
detect materials safely without waste and will be suitable for in situ inspection of trace substances in 
the environment. 
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Chapter 5 Viscosity analysis with adjusting the interface of a 
microdroplet / silica composited layer on QCM 
 
 
5.1. Introduction 
Measurement of viscosity is essential for analyzing soft matter, and useful for detecting slight 
changes in various materials. For example, blood viscosity and coagulation time have been researched 
for patients with embolism in order to select suitable oral anticoagulants1, 2. Rheology of DNA3, 4, 
RNA5, and antibodies6 has been studied in order to estimate the mechanical property of the molecules. 
Physical characteristics, including the viscosity of an ion liquid7 or ink8, 9 have also been investigated 
in order to develop cleaner industrial processes. 
In chapter 3, I describe the ideal hydrophilic coating method for a QCM. I have applied this method 
to the viscous analysis of a small liquid droplet. Before discussing the details of my study, I 
introduced some conventional assays and problems.  
Normally, viscosity is measured using a rotational or falling ball viscometer, this requires a 
quantity of liquid of the order of mL. These provide a wide range, and accurate results; however, in 
some cases the large amount of material required can be an issue. Recently, enthusiastic researchers 
have found ways to measure viscosity for micro, or nano liter volumes with viscometers using liquid 
flow10-13 or liquid droplet14-15. For a liquid flow type viscometer, the velocity of the liquid flowing 
inside channel is utilized10, 11. Some micro channels require only a nano liter, and they are suitable for 
expensive or precious liquids; however, precisely controlled wettability is required to achieve a stable 
flow12, 13. For a liquid droplet type viscometer, vibration of the droplet was used14. In one example, 
piezoresistive cantilevers measured the viscosity of 2.4 µL of water-glycerol mixtures15. Optical 
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images of liquid vibration have also been studied using high-speed imaging6, 16, 17; however, these 
methods required high quality sensors and optical apparatus.  
There have been various approaches to create a portable viscometer, such as piezoresistive 
cantilevers with tapping-induced free vibration15, and stretching of a small fluid sample between two 
metal pistons with a high speed camera18.  
QCM-D19-26 was considered as a universal analytical tool. This technique monitors the 
attenuated amplitude after shutting off the power, and the suppressed shear vibration by highly viscous 
liquids can be observed through the damping in the time measurement. For this technique, the 
liquid/solid interface is important and has been eagerly investigated. As liquid side researches of 
QCM-D, different viscous solutions of biomaterials such as DNA3, RNA5, lipid solutions27-28, and 
industrial oil29 as well as artificial polymer solutions such as poly (ethylene glycol)30-31, glycerol32, and 
copolymer33 have been investigated. By in-depth profiling, the viscosity near the interface, where free 
molecules undergo some property changes, was carefully researched34 and a depletion layer in 
polymer solutions was also investigated35. 
On the other hand, researches of QCM-D, investigated physical or chemical modification of 
QCM surface to enhance viscosity sensing. As examples of surface structure modification, a 
smooth-texture combined resonator was fabricated to separately measure the viscosity and density of 
10 µL glycerol liquid36, and the effect of surface roughness37, nanowire-modification38, and lipid 
bilayers39 have been studied in detail. There have also been hydrophobic40, 41 and hydrophilic42-46 
approaches to wettability control. In the case of hydrophobic modification, compared with the bare 
QCM, reduced energy loss and frequency shift were observed by the slip of liquid40. 
Superhydrophobic patterned surface fabricated with lithography was has been utilized for the 
measurement of density-viscosity products such as water-glycerol mixture solution32, 41. Conversely, a 
hydrophilic gold coated QCM monitored adsorption of asphaltenes and resins from crude oil42. The 
Chapter 5 Viscosity analysis with adjusting the interface of a microdroplet / silica composited layer on QCM 
95 
concentration of hydrophobic materials in industrial oil was investigated with silica and alumina 
coated QCM-D with 0.5 mL of liquid43. The viscoelastic property of cationic starch was also 
investigated using the anionic property of silica, which was coated on the QCM by means of vapor 
deposition44. Coagulation of blood had been successfully measured with a polyethylene coated 
hydrophilic; however, it required piranha solution as a first step, and 200 µL of blood was used46. 
In this study, I focused on viscosity sensing with a small quantity of liquid (<10 µL) through a 
simple QCM-D system based on chapter 3 (Figure 1.) and I applied it to artificial organic solutions as 
well as biomaterials. For easy preparation and accurate sensing I fabricated thin hydrophilic 
silica/polyelectrolyte coating on the QCM with the environmentally friendly LbL method47-52. A small 
droplet spread on this hydrophilic coating covered the entire surface and led to stable dissipation 
behavior measurement. I then examined viscosity of 5 µL polyvinyl alcohol (PVA), 
polyvinylpyrrolidone (PVP), and glycerol aqueous solutions on the hydrophilic QCM then compared 
this with 30-µL solutions on bare QCM so that the relationship between damping time and viscosity 
could be investigated. I went further and examined biomaterials, including the coagulation of human 
and pig blood, with this hydrophilic QCM-D. 
Moreover, I developed a handy viscometer with a QCM and one-chip microcomputer. To find 
the viscosity measurement, the decayed signal after shutting off the power for the QCM, known as the 
index of viscosity, was analyzed by the one-chip microcomputer and software programs. This sensor 
was easy to setup and it reduced the sample volume by increasing the contact area between the QCM 
and the target samples. 
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5.2. Experimental section 
 
5.2.1. Materials 
To fabricate the hydrophilic membrane, PEI (Mw=70,000, Wako Pure Chemical Industries, Ltd. 
Japan), a positively charged material, and an aqueous dispersion of SiO2 nanoparticles (OS, Nissan 
Chemical Industries, Ltd., Japan), a negatively charged material, were prepared. The concentrations of 
PEI and SiO2 were adjusted to 10 mM and 0.2 wt%, respectively, using ultra-pure water (>18 MΩ·cm). 
The respective pH values were 10.2 and 5.4. As the target material, I prepared mucin from porcine 
stomach (Wako Pure Chemical Industries, Ltd., Japan). I used mucin concentrations of 0.1, 1, 5, 7.5, 
10, 15, and 20 wt% which had viscosities of 1, 1.4, 6, 32, 115, 142, and 298 mPa·s, respectively. For 
comparison, I also investigated glycerol, polyvinyl alcohol (PVA, polymerization degree of 
approximately 1500, from Wako Pure Chemical Industries, Ltd, Japan) and polyvinylpyrrolidone 
(PVP, K=30, from Nippon shokubai co., Ltd, Japan). The concentrations of glycerol were 20, 30, 40, 
50, and 60 wt% with viscosities of 1.5, 2.1, 2.9, 4.6, and 7.0 mPa·s, respectively. The concentrations of 
PVA were 5, 7.5, 10, 12.5, and 15 wt% with viscosities 29, 100, 487, 1499, and 2800 mPa·s, 
respectively. The concentrations of PVP were 5, 10, 15, 20, and 25 wt% with viscosities 2.1, 4.2, 9.1, 
18.8, and 21.2 mPa·s, respectively. All materials were used without purification. 
 
5.2.2. Film fabrication 
As a substrate, I used a QCM (10 MHz reference frequency, silver coated, Φ = 1 cm) which was 
ultrasonically washed in ethanol, and then twice in ultra-pure water for 5 min each. The cation and 
anion solutions were stirred for 24 h, and then a thin film was fabricated using a wet process by 
alternately depositing the substrate in the cationic solution for 60 s, pure water for 30 s (3 times), the 
anionic solution for 60 s and pure water for 30 s (3 times). When I deposited material B over material 
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A, I defined it as (A/B), constituting 1 bilayer. If the sequence was repeated “n” times, I defined it as 
(A/B)n. In this experiment, (PEI/SiO2)6.0 was fabricated by the LbL method based on the results from 
chapter 4. SiO2 was deposited as the last layer in the 6.0 bilayer to give an anionic surface. 
 
5.2.3. Evaluation 
The fabricated sensitive membrane was analyzed using scanning electron microscopy (SEM, 
Hitachi, Miniscope TM3030) and energy-dispersive x-ray spectroscopy (EDX, Hitachi, Quantax70). 
The chemical structure of mucin was investigated with Fourier-transform infrared spectroscopy 
(FT-IR, Bruker, alpha). The adsorption of mucin was measured by a QCM with a frequency counter 
(Hewlett Packard, 53131A universal counter) and an automatic dipping machine (nano film maker, 
Tsubaki-SNT). The viscosity of each aqueous solution was measured by a conventional rotational 
viscometer (Thermo Scientific, Haake Viscotester 6L), a vibration-type viscometer (Yamaichi 
Electronics Co. Ltd., Visco Mate MODEL VM-1G), and then estimated by a simple QCM-D31. I 
previously reported on this simple system, which was composed of a Hartley oscillator, power supply 
and oscilloscope (GW Instek, GDS-1152A-U). The damping time related to the viscosity was 
monitored. For a portable device, I used Arduino platform (Arduino uno) as a microcontroller board. 
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5.3. Results and discussion 
5.3.1. Surface analysis of the hydrophilic film 
I chose to use the LbL method in order to control the growth of the thin hydrophilic membrane; 
the effect of viscoelasticity on the film was reduced by introducing an inorganic material (based on the 
results from chapter 3). Anionic SiO2, and cationic PEI were used as coating materials. I began by 
altering the dipping cycles to confirm the surface materials; for the 6.0 bilayer, the QCM was 
immersed in the cation and anion solutions 6 times each, and the outer surface should be silica. For the 
6.5 bilayer, after 6 cycles of dipping, the QCM was immersed in the cationic solution again to obtain a 
PEI surface. To confirm the composition of the outer surface of the membranes, EDX results were 
analyzed, as shown in Figure 5.1(b). Only “Si” as a representative element for SiO2 and “C” as a 
representative element for PEI were shown. The surface color of (PEI/SiO2)6.0 looked red compared 
with that of (PEI/SiO2)6.5. The atomic concentration ratio of each film is shown in Figure 5.1(c) and 
Table 5.1. PEI was mainly composed of C or N, and the (C+N) ratio of (PEI/SiO2)6.5 relative to the 
main elements of the coating materials (Si, C, N, and Ag(substrate)) was higher than that of 
(PEI/SiO2)6.0. On the other hand, the Si ratio of (PEI/SiO2)6.0 relative to the main elements was higher 
than that of (PEI/SiO2)6.5. Based on these results, I successfully fabricated the hydrophilic SiO2-rich 
membrane by using (PEI/SiO2)6.0 on the QCM. 
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Figure 5.1. Surface analysis of the anionic hydrophilic films 
(a) The fabrication process of the hydrophilic membrane using the LbL method. (b) EDX images of 
(PEI/SiO2)6.0 and (PEI/SiO2)6.5 on the QCM. (c) Atomic concentration ratio from EDX analysis. The 
surface of (PEI/SiO2)6.0 was occupied by anionic SiO2. 
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Figure 5.2. Surface analysis of sensitive membrane by SEM 
(a) Bare silver coated QCM surface. (b) QCM coated with (PEI/SiO2)2.0. (c) QCM coated with 
(PEI/SiO2)6.0. (d) QCM coated with (PEI/SiO2)6.5. The outer surface of the 6.5 bilayer appeared to be 
covered with soft materials in comparison to the 6.0 bilayer. 
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Table 5.1. Atomic concentration by EDX 
 
The 2.0 bilayer, 6.0 bilayer, and 6.5 bilayer were investigated. The Ag substrate was covered by LbL 
films and the 6.5 bilayer showed a higher (C+N) ratio than the 6.0 bilayer. From this data, the surface 
of the QCM with the 6.5 bilayer was covered with rich PEI. 
 
 
Bare and hydrophilic QCMs were used to measure the viscosity of a small quantity (<10 µL) of 
glycerol (aq). Figure 5.3. shows the wettability of glycerol-water mixtures on bare and hydrophilic 
LbL coated QCMs. By using a hydrophilic QCM, the quantity of viscous liquid required to cover 
whole area of the QCM was decreased; in this case, 5 µL was enough to cover the QCM surface. 
Liquid coverage area on the QCM is important because the vibration behavior can be changed by the 
position of liquids (chapter 3 Figure 3.5.) By using this hydrophilic coating the required sample 
volume can be reduced. 
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Figure 5.3. Wettability of glycerol-water mixtures. Side and top views of 5 µL or 30 µL of 60-wt% 
glycerol-water droplets on bare and hydrophilic QCMs. The red line shows the diameter of QCM, 
and the blue line shows that of droplets. Reproduced from Ref. 53 with permission from The Royal 
Society of Chemistry. 
 
5.3.2. QCM-D measurement 
As samples for viscosity measurement, I prepared aqueous solutions of PVA, PVP, and glycerol. 
I chose these materials because they have different viscosity changes. PVA and PVP have relatively 
high viscosity changes due to the entanglement of polymers, while glycerol has a relatively low 
viscosity change. In Figure 5.4 and Table 5.2, the QCM-D measurements of PVA, PVP, and glycerol 
are shown. I dropped these solutions on the bare QCM and observed the damping behavior; by 
changing the concentrations and materials, the amplitudes and damping times decreased. When I 
focused on one material, I was able to estimate the viscosity based on the damping time because there 
is a relationship between viscosity, concentration, and damping time. Alternatively, when I compared 
different materials, some solutions had the same damping time but they did not have the same viscosity. 
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For example, the damping time of both (a.u.) of PVA(aq) 10 wt%, and glycerol(aq) 40 wt% was 
approximately 0.7 and their viscosities were 487 cP and 3.7 cP, respectively. From these discussions, I 
realized that the absolute damping time is not directly related to viscosity, and the relationship between 
damping time and viscosity was determined by the solved materials.  
 
 
Figure 5.4. QCM-D measurement of PVA, PVP, glycerol aqueous solutions 
Although I needed to consider the case where different materials had the same damping time, the 
viscosity, which is related to the concentration, could be estimated from the regularly decreasing 
damping times. Reproduced from Ref. 53 with permission from The Royal Society of Chemistry. 
 
The schematic images of different degrees of shear vibration of the QCM by the attached 
viscous solutions are shown in Figure 5.5. A short decay time, which means high viscosity, was 
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observed in the case of the high concentration polymer solution; I considered that the reason for the 
short damping time was that the organic materials canceled the shear vibration of the QCM. I believed 
that the contained material was not solved uniformly by higher densities (PVA: 1.19 g/cm3, PVP: 1.2 
g/cm3, and glycerol: 1.26 g/cm3) compared with water (1.0 g/cm3) and there was much material at the 
interface between the liquid and the QCM. Moreover, in the case of the polymer solution, the viscosity 
was increased by the entanglement of the polymers, even low concentrations. I supposed that the 
difficulty in universal measurement of viscosity with this system was caused by the different behavior 
of the materials at the interface, and that is why I needed to care about the solved materials for 
viscosity measurement.  
 
 
Figure 5.5. Schematic image of viscous solution on QCM. The images of (a) low and (b) high 
concentrations are shown. The damping times were decreased due to the suppressed shear vibration 
by the increase in attached materials or polymer entanglements. Reproduced from Ref. 53 with 
permission from The Royal Society of Chemistry. 
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Table 5.2 Damping time measurement (a.u.) of glycerol, PVA, and PVP using the bare and 
hydrophilic QCMs 
 
 
 
5.3.3. Viscosity analysis by QCM and Oscilloscope 
I utilized the QCM-D system depicted in Figure 5.6(a) and examined 5 µL of various viscous 
liquids (Mucin, Glycerol, PVA, and PVP). After shutting off the power to the QCM, this simple 
QCM-D system monitored the attenuated amplitudes, and damping times, which are related to the 
viscosity. Figure 5.6(b) shows the absolute viscosity measured by a conventional vibration-type 
viscometer, and rotational viscometer. The relationship between the concentration and viscosity was 
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approximated by following Arrhenius' viscosity formula (η: viscosity (mPa·s); w: weight 
concentration (wt%); a, b: constants).  
𝜂 = 𝑎 ∙ 𝑒𝑥 𝑝(𝑏 ∙ 𝑤)                                                                (5.1. ) 
Then, the damping time was measured using the simple QCM-D system with the (PEI/SiO2)6.0 coating, 
as shown in Figure 5.6(c), and approximated by the following equation (t: damping time (a.u.); c, d: 
constants) 
𝑡 = (−𝑎 ∙ 𝑐) ∙ 𝑒𝑥𝑝(𝑏 ∙ 𝑤) + 𝑑                                               (5.2. ) 
In equation (5.2), the attenuated amplitude was dominated by viscosity because the shear vibration of 
QCM was gradually suppressed by the amount of material contained in the viscous fluids. 
𝑡 = (−𝑐) ∙ 𝜂 + 𝑑                                                                      (5.3. ) 
Using equations (5.1.) and (5.2.), the relationship between the damping time (a.u.) and η was 
approximated by equation (5.3.), as shown in Figure 5.6. (a)-(d). All materials in this experiment were 
well fitted by equation (5.3.). Based on these results, this simple QCM-D system was able to measure 
the viscosity of certain materials following Arrhenius' viscosity formula. 
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Figure 5.6. Viscometer with QCM and Oscilloscope 
Simple QCM-D setup. (b) Absolute viscosity measured by a vibration-type viscometer or a rotational 
viscometer. (c) Damping times measured by the QCM-D. 
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Figure 5.7. Calibration curves for measuring viscosity by QCM 
 
5.3.4. Blood coagulation test 
I also used the for a blood coagulation test. I used human and pig blood with an anticoagulant, as 
shown in Figure 5.8. When I measured the human blood with the hydrophilic QCM-D, the damping 
time was rapidly decreased and there was no signal past 40 s. I believe that the decreased damping 
time was related to the coagulation behavior of human blood. Because the human blood coagulated 
and changed from liquid to solid within short time, the viscosity change was sensed. On the other 
hands, when I measured 5 µL of pig blood, the decrease in damping time was not well observed until I 
used a sample which was had been stored for dozens of days, due to the anticoagulant it contained. 
 These results suggest that the coagulation behavior different types of blood could also be sensed by 
the change of damping times using a small droplet. Hence, this hydrophilic QCM-D is useful not only 
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for artificial organic solutions, but also biomaterials. For further research, I need to fabricate a more 
sensitive sensor to detect small differences in viscous liquids, and an automation sensing system to 
observe rapid changes of a solution. The small viscosity differences can help to detect the state of 
solutions, and these sensors can be utilized to save precious and expensive materials in medical or 
industrial fields. 
 
 
Figure 5.8. Blood coagulation tests. (a) Human blood was coagulated within 1 min and this change 
was monitored by gradually decreased damping times. (b) Pig blood had a long damping time, even 
after several months, because of the anticoagulants. (c) The difference of fresh blood and coagulated 
blood was observed by hydrophilic QCM-D. Reproduced from Ref. 53 with permission from The 
Royal Society of Chemistry. 
 
5.3.5. Portable viscometer with QCM and one-chip microcomputer 
A new portable viscometer was developed, as shown in Figure 5.9(a). The details of oscillation, 
full wave rectifying, and smoothing of electric circuits were introduced in Figure 5.10. The analog 
input data was analyzed by the one-chip microcomputer, and the digital output data was transferred via 
serial port communication. The digital output data was treated as the digital input data for the PC, and 
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thinned out by the programs to allow the damping behavior to be observed clearly. The programs were 
shown in Figure 5.11 and minimum values were selected, as shown in Figure 5.9(b). 
 
 
Figure 5.9. Portable viscometer with QCM and one-chip microcomputer 
Linear relationships between the damping time of QCM and absolute viscosity were observed for 
mucin, glycerol, PVA, and PVP.The analog input data was analyzed by one-chip microcomputer and 
the output data was thinned out by enhanced software program (Program_2) for observing the 
damping behavior clearly. 
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Figure 5.10. Electric circuits for portable viscometer 
Smoothed analog input (INPUT/A) was converted by Arduino, and the digital output (OUTPUT/D) 
was transferred via USB serial port communication. Then the OUTPUT/D was analyzed as digital 
input data (INPUT/D) in Arduino software programs. 
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Figure 5.11. Software programs for thinning out plots (a) Program_1: collecting digital inputs (b) 
Program_2: thinning out plots from all plots by choosing minimum values. 
 
This portable viscometer was used to measure the viscous solutions, Mucin and Glycerol. The 
damping time was observed clearly with this new system, and the results were compared with the 
non-portable viscometer (Figure 5.12). The relationship between the damping time and viscosity were 
almost the same and I considered that this portable viscometer was able to measure the difference in 
viscosity. For high viscosity, the difference could be observed due to the low voltage decomposition of 
the one-chip microcomputer (decomposition: 5V/1024). By enhancing the decomposition, the 
difference in viscosity might be well measured. 
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Figure 5.12. Viscosity sensing with portable device 
(a), (b) Damping behaviors of mucin and glycerol were measured by portable viscometer (c), (d) The 
non-portable and portable viscometers were compared. 
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5.4. Conclusions 
A portable viscometer for a small biological sample was developed using a combination of a 
hydrophilic coated QCM and a one-chip microcomputer. In order to reduce the sample volume, a 
hydrophilic SiO2/PEI LbL film was coated onto the QCM. With QCM and oscilloscope, the viscosity 
of mucin, glycerol, PVA, and PVP were investigated and compared with a conventional viscometer. 
After shutting off the power for the QCM, the decayed signal, the index of viscosity, was monitored by 
a one-chip microcomputer. The signals from the QCM were rectified, smoothed, and thinned out by an 
electric circuit, and programs for measuring the decayed times clearly. The performance of the 
portable viscometer was almost the same as the non-portable one, although the low decomposition was 
an obstacle for measurement of the low voltage output.  
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Chapter 6 General conclusions 
 
 
6.1. Overall discussion  
 
I summarized the requirement of this research field and main technology related to this study 
before conclusion. This thesis focused on the microdroplet analytical devices and it was realized 
through point contact analysis or surface contact analysis. In the case of point contact analysis, 
microdroplet on the superhydrophobic surface had small contact area and thus contained materials 
were gathered to the specific spot after evaporating solvent. By condensing enrichment effect, 
detection limit was enhanced. On the other hands, microdroplet on the superhydrophilic surface had 
large contact area and was utilized in the surface contact analytical process. Increased contact area 
also led to enhancing the detection limit. 
 
 Criteria and challenges of each analytical method was as follows; To achieve point contact 
analysis, superhydrophobic surface with the tiny hydrophilic area was required. In general, glass or 
silicon substrates were selected as analytical platforms and hydrophilic area was fabricated with dry 
process because precise controlled fabrication was needed at the small space. However, flexible film 
had raised attention due to its portability. Considering with ease fabrication and less energy 
consumptions, hydrophilic area was coated with wet process in this study. 
  
In surface contact analysis, large contact area between microdroplet and the hydrophilic 
surface was preferred because the interface was utilized for sensing and increased contact area led to 
the enhanced sensing property. Normally dry process was selected as a coating method due to its 
uniformity. However, there were various sensor devices with complex structures and wet process 
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was suitable for such intricate structures. In this study I used QCM as a sensor device and therefore, 
its surface was coated with wet process. In the case of QCM measurement, there were 3 required 
property as bellow; hydrophilicity for increasing contact area with a small liquid droplet, hard film 
for enhancing durability against attached liquid flow, less effect for QCM measurement. In order to 
achieve fabrication of above analytical devices, detail of my approach and target materials were 
summarized at bellow images and next conclusion section. 
 
 
Figure 6.1. Schematic image of summary of this study. 
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6.2. Conclusion 
 
In this dissertation, a novel trace materials assay was presented, based on the wettability 
control of organic-inorganic composited film. To obtain an ideal functional surface into the specific 
area of flexible films or QCMs, the LbL method or casting method was adopted as the wet process 
with the aim of achieving precise film growth. The development of the trace material sensing 
platform with a wet process has been demonstrated in Chapters 2 and 3. The casting method on the 
superhydrophobic surface described in Chapter 2, and the LbL method on the QCM surface 
described in Chapter 3, were utilized. 
 
In Chapter 2 a hydrophilic spot area was introduced, which was formed by the 
polymer/nanoparticle complex on a superhydrophobic surface. A liquid droplet in contact with a 
superhydrophobic surface was able to be used in order to collect dissolved trace materials after 
evaporating the solvent. This effect enhanced the detection limits; however, the liquid droplet rolled 
off the superhydrophobic surface easily, while keeping it at the specific collecting spot area was 
challenging. Therefore, the means to control and capture the liquid droplet on a superhydrophobic 
surface were demonstrated. In order to induce a liquid droplet to a collecting spot, its rolling direction 
was controlled by two superhydrophobic fabric guides. The liquid droplet was then captured by a 
hydrophilic polymer and the hydrophilic nanoparticles at the measuring spot.  
 
Chapter 3 describes the fabrication method for superhydrophilic film by the LbL process into 
the specific area. High film hardness, bending durability, and the hydrophilicity of organic-inorganic 
composited film were required due to the surface being exposed to the aqueous solution. For stable 
measurement, the liquid droplet was required to spread over the entire area of the QCM surface. 
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The fabricated film was evaluated by a QCM-D (non-destructive) test and with independent abrasion 
and bending tests. I compared various films with different nanoparticle content ratios and different 
vertical (depth) material distributions to quartz crystal microbalance and glow discharge optical 
emission spectroscopy. I found that the decay times of quartz crystal microbalance were longer when 
there was an excess of nanoparticles in the film, or if it had a uniform layered structure. A higher 
durability and smaller effect from QCM-D measurement were preferred for QCM surface coating. 
Thus, (PEI/SiO2)6 was selected as an ideal coating condition. 
 
Subsequently, trace material assays were fabricated with the platforms functionalized by 
wettability controlled organic-inorganic composited films, as described in Chapters 2 and 3. Trace 
caffeine was sensed by the combination of the condensation enrichment effect and the colorimetric 
change described in Chapter 4. The viscosity of the small glycerol-water mixture was analyzed with 
hydrophilic QCM-D, as described in Chapter 5. 
 
In Chapter 4, I outlined a visibility device by the color change reaction of caffeine on a 
superhydrophobic/hydrophilic patterned film with support from the technologies described in 
Chapter 2. By condensation, the enrichment effect trace materials accumulated to the specific area 
with the enhanced detection limit. 10 µl of aqueous solutions with concentrations of 100 µg/mL, 250 
µg/mL, 500 µg/mL, and 750 µg/mL, were enriched by condensation and reacted with H2O2 and HCl. 
Only caffeine exhibited redness as a result of the reaction. After removing the solvent, the trace 
compounds were evaluated with colorimetric analysis visible to the naked eye. 
 
In Chapter 5, I discussed a portable viscometer with hydrophilic QCM that was supported by 
the technologies described in Chapter 3. Stable viscosity measurement was realized by adjusting the 
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interface of the small amount of glycerol solution and hydrophilic QCM surface. I reported the 
different attenuated shear vibrations of hydrophilic QCM by the attached small viscous liquids, and 
this technique enabled us to measure the viscosity of various 5 µl solutions. Covering the entire area 
of the QCM surface with a liquid was important for the stable measurement of damping time. 
Accordingly, I induced silica/polyelectrolyte and hydrophilic coating on QCM, while using the LbL 
method in order to enhance wettability and save viscous materials. I examined PVA, PVP, glycerol, 
and mucin aqueous solutions. Viscosity was estimated by the calibration curves. Finally, I also 
applied this technique to blood coagulation behavior estimation. 
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6.3. Future research 
 
The objective of this study was to present a novel precise wet process fabrication method for 
functional organic-inorganic composited film in specific space. The selected LbL and casting method 
(condensing enrichment on the superhydrophobic surface) demonstrated novel analytical devices for 
the small liquid droplet. However, more consideration is needed for use under real conditions. These 
considerations are as follows: 
  
1) Accuracy 
Quality of measurement is the most important aspect of analytical devices. In this study, I 
enhanced reproducibility by condensing the enrichment effect in order to collect the trace materials 
in the specific area, and to adjust the interface between the viscous liquid and the QCM surface with 
superhydrophilic coating. Although they demonstrated accurate measurement, the target liquid 
droplets contained only unique substances; therefore, I need to consider real conditions, where 
multi-materials are normally contained. One approach towards analyzing the mixed sample was to 
combine other analytical equipment. I discussed multiple analysis based on the results of not only 
the fabricated devices, but also those of optical apparatus such as the FT-IR. By the collaboration of 
various components, the small liquid droplet was analyzed accurately. In this study, a miniature 
small liquid droplet was developed by implementing a wet process and was found to be suitable to 
the combination of many devices. 
 
2) Quick response 
The enrichment effect took a long time to evaporate solvents. Although this was advantageous 
to the condensation enrichment effect on the superhydrophobic surface with gradual thermal heating 
in order to protect the contained material, it had an overly long duration for the purpose of 
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self-medication. For example, metal was a substrate candidate because it had high thermal transition. 
By using a metal electrode such as QCM, I obtained the additional frequency change information 
during the evaporations. 
 
3) Portability 
Finally, the portability of analytical devices was advantageous to the trace material assay, 
because the size of the conventional measuring instruments was huge and, therefore, it was 
impossible to use them outside of the laboratory or outside of inspection rooms. In this study, I used 
a flexible substrate and QCM as the candidate for the small device substrate. In combination with the 
liquid flow path, the secure analytical condition was managed. However, H2O2 and HCl were 
utilized as a visible change reaction, and this was undesirable since these materials are harmful to 
humans. In order to convert the presented analysis method into a safe measurement tool, the use of 
antigen-antibody reactions or synthesized dye as a sensing procedure, are requirements for making 
its outdoor use more secure. 
 
From the above discussion, it is evident that I succeeded in fabricating a novel assay; however, 
there are still various obstacles to its real-world application. Quick response and portability were 
discussed in order to promote an analytical device with small liquid droplet accuracy. In the near 
future, these devices and the data acquired from them, could change our way of life due to their high 
portability. 
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